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LETTER OF SUBMITTAL. 

To the Congress of the United States: 

In compliance with the provisions of the act of March 3, 1915, establishing the National 
Advisory Committee for Aeronautics, I submit herewith the eighth annual report of the com¬ 
mittee for the fiscal year ended June 30, 1922. 

The attention of the Congress is invited to the presentation by the National Advisory 
Committee for Aeronautics of a national aeronautical policy at the conclusion of its report. 
The constructive recommendations therein contained for the advancement of aeronautics 
deserve the thoughtful consideration of all members of the Congress. 

Warren G. Harding. 
The White House 

December 5, 1922. 
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LETTER OF TRANSMITTAL. 

National Advisory Committee for Aeronautics, 

Washington, D. C., November 23, 1922. 

Mr. President: In compliance with the provisions of the act of Congress approved March 
3, 1915 (Public, No. 273, 63d Cong.), I have the honor to transmit herewith the eighth annual 
report of the National Advisory Committee for Aeronautics, including a statement of expendi¬ 
tures for the fiscal year ended June 30, 1922. 

The contributions of the committee to the science of aerodynamics have, during the past 

year, placed America in the forefront of progressive nations in this respect. In the art of 

aviation there has been substantial progress in the design and performance of military and naval 

types of airplanes, but commercial aviation has made very little headway. This has been due 

not so much to the inherent problems and difficulties of air navigation, nor to lack of technical 

knowledge, but to lack of airways, landing fields, and Federal regulation and licensing of aircraft 
and operators. 

The measures deemed timely and appropriate for the advancement -of aeronautics are 

embodied in a national aeronautical policy presented by the National Advisory Committee 
for Aeronautics at the conclusion of its eighth annual report. The history of America and of 
all other civilized nations shows that governments have found it necessary and advantageous 

to aid in the development of means of transportation, as in Federal land grants to American 

railroads, and in the good roads movement. The latter has not only developed the automobile 

industry, but has been the direct means of awakening the people to the possibilities and advantages 

of motor traffic. 

Aircraft will prove even more revolutionary than the railroad or the automobile. In the 

judgment of the National Advisory Committee for Aeronautics it is necessary and proper that 

the Federal Government should aid in the development of air navigation by providing Federal 

regulations and establishing airways and landing fields. 

Respectfully submitted. 

National Advisory Committee for Aeronautics, 

Charles D. Walcott, Chairman. 

The President, 

The White House, Washington, D. C. 



SUMMARY OF NATIONAL AERONAUTICAL POLICY. 

The national aeronautical policy proposed by the National Advisory Committee for Aero¬ 

nautics is set forth at the end of this report. The recommendations therein presented for the 

consideration of the President and of the Congress deal with the following subjects: 

AERONAUTICS AND THE PROGRESS OF CIVILIZATION. 

THE NEED FOR FEDERAL AND STATE LEGISLATION. 

THE IMPORTANCE OF SCIENTIFIC RESEARCH. 

AVIATION FOR NATIONAL DEFENSE. 

HELIUM FOR AIRSHIPS. 

THE AIR MAIL SERVICE. 

AEROLOGICAL SERVICE ALONG AIRWAYS. 

FEDERAL AID NECESSARY. 

n 
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EIGHTH ANNUAL REPORT 
OF THE 

NATIONAL ADVISORY COMMITTEE FOR 
AERONAUTICS. 

Washington, D. C., November 23, 1922. 
To the Congress: 

In accordance with the provision of the act of Congress approved March 3, 1915, establish¬ 

ing the National Advisory Committee for Aeronautics, the committee submits herewith its 

eighth annual report. In this report the committee has described its activities during the past 

year, the technical progress in the study of scientific problems relating to aeronautics, the 

assistance rendered by the committee in the formulation of policies for the general develop¬ 

ment of aviation, the regulation of air navigation, the coordination of research work in 

general, the examination of aeronautical inventions, and the collection, analysis, and distri¬ 

bution of scientific and technical data. This report also contains a statement of expenditures 

estimates for the fiscal year 1924, and recommendations for advancing the science and art 
of aeronautics. 

FUNCTIONS OF THE COMMITTEE. 

The National Advisory Committee for Aeronautics was established by act of Congress, 

approved March 3, 1915. The organic act charges the committee with the supervision and 

direction of the scientific study of the problems of flight with a view to their practical solution, 

the determination of problems which should be experimentally attacked, their investigation 

and application to practical questions of aeronautics. The act also authorizes the committee 

to direct and conduct research and experimentation in aeronautics in such laboratory or labora¬ 

tories, in whole or in part, as may be placed under its direction. 

Supplementing the prescribed duties of the committee, its broad general functions may be 
stated as follows: 

First. Under the law the committee holds itself at the service of any department or agency 

of the Government interested in aeronautics, for the furnishing of information or assistance in 

regard to scientific or technical matters relating to aeronautics, and in particular for the 

investigation and study of problems in this field with a view to their practical solution. 

Second. The committee may also exercise its functions for any individual, firm, association, 

or corporation within the United States, provided that such individual, firm, association, or 

corporation defray the actual cost involved. 

Third. The committee institutes research, investigation, and study of problems which, in 

the judgment of its members or of the members of its various subcommittees, are needful and 

timely for the advance of the science and art of aeronautics in its various branches. 

Fourth. The committee keeps itself advised of the progress made in research and experi¬ 

mental work in aeronautics in all parts of the world, particularly in England, France, Italy, 
Germany, Austria, and Canada. 

Fifth. The information thus gathered is brought to the attention of the various subcom¬ 

mittees for consideration in connection with the preparation of programs for research and experi¬ 

mental work in this country. This information is also made available promptly to the military 

and naval air services and other branches of the Government, and such as is not confidential 

1 



2 REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS. 

is immediately released to university laboratories and aircraft manufacturers interested in the 

study of specific problems, and also to the public. 

Sixth. The committee holds itself at the service of the President, the Congress, and the 

executive departments of the Government for the consideration of special problems which may 

be referred to it. 
ORGANIZATION OF THE COMMITTEE. 

The committee has 12 members, appointed by the President. The law provides that the 

personnel of the committee shall consist of two members from the War Department, from the 

office in charge of military aeronautics; two members from the Navy Department, from the 

office in charge of naval aeronautics; a representative each of the Smithsonian Institution, 

the United States Weather Bureau, and the United States Bureau of Standards; and not more 

than five additional persons acquainted with the needs of aeronautical science, either civil or 

military, or skilled in aeronautical engineering or its allied sciences. All members as such 

serve without compensation. 
During the past year Commander Jerome C. Hunsaker, United States Navy, was appointed 

by the President a naval member of the committee to succeed Rear Admiral David W. Taylor, 

United States Navy, who retired from active duty in the Navy. Dr. Michael I. Pupin, of 

Columbia University, New York City, resigned, and the vacancy thus caused was filled by the 

President by the reappointment of Admiral Taylor in a civilian capacity, because of his broad 

experience with aeronautical problems and his thorough knowledge of the science of aerodynamics. 

The full committee meets twice a year, the annual meeting being held in October and the 

semiannual meeting in April. The present report includes the activities of the committee 

between the annual meeting held on October 6, 1921, and that held on October 19, 1922. 

The present organization of the committee is as follows: 

Charles D. Walcott, Sc. D., chairman. 

S. W. Stratton, Sc. D., secretary. 

Joseph S. Ames, Ph. D. 
Maj. Thurman H. Bane, United States Army. 

William F. Durand, Ph. D. 

John F. Hayford, C. E. 

Commander Jerome C. Hunsaker, United States Navy. 

Charles F. Marvin, M. E. 

Rear Admiral William A. Moffett, United States Navy. ' 

Maj. Gen. Mason M. Patrick, United States Army. 

David W. Taylor, D. Eng. 

Orville Wright, B. S. 

MEETINGS OF THE ENTIRE COMMITTEE. 

At the semiannual meeting of the entire committee, held in April, 1922, Doctor Ames, chairman 

of the executive committee, made a complete report of the research work in progress under the 

committee’s direction at the Langley Memorial Aeronautical Laboratory, at Langley Field, Va., 

in the course of which he exhibited lantern slides showing novel methods used and results 

obtained. This detailed presentation of the committee’s activities at Langley Field so aroused 

the interest of the members that it was decided to hold the next meeting of the entire committee 

at Langley Field. 

The annual meeting was accordingly held at Langley Field on October 19,1922. Doctor Ames 

conducted a tour of inspection of the general research laboratory, the aerodynamical laboratory, 

the new compressed-air wind tunnel, the engine dynamometer laboratory, the hangars, and the 

airplanes equipped with specially designed instruments and apparatus developed in connection 

with the prosecution of the committee’s research program. The compressed-air wind tunnel was 

operated for the first time in the presence of all the members. Doctor Ames presented to the 

committee the members of the engineering staff in charge of the various divisions of work. Each of 
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these men reported in full on the problems on which he was engaged, what he was trying to 

accomplish, his successes and his difficulties. 

The annual meeting was held in the main laboratory building in the afternoon. The 

committee reviewed the status of the current research program and discussed the problems 

requiring solution. All the members agreed that the funds available were insufficient to permit 

the full program for the coming year to. be undertaken. The officers of the committee were 

requested to urge the appropriation by Congress of funds sufficient to carry on the entire research 

program. 

The officers of the committee were reelected for another year as follows: Dr. Charles D. 

Walcott, chairman; Dr. S. W. Stratton, secretary; Dr. Joseph S. Ames, chairman executive 

committee. 

By courtesy of the President and of the Secretary of the Navy, the trip to Langley Field 

and return was made on the President’s yacht, the Mayflower, which added greatly to the com¬ 

fort of the trip and afforded an excellent opportunity for the more thorough discussion of 

aeronautical problems. 

THE EXECUTIVE COMMITTEE. 

For carrying out the work of the advisory committee, the regulations provide for the 

election annually of an executive committee, to consist of seven members, and to include further 

any member of the advisory committee not otherwise a member of the executive committee 

but resident in or near Washington and giving his time wholly or chiefly to the special work of 

the committee. The present organization of the executive committee is as follows* 

Joseph S. Ames, Ph. D., chairman. 

S. W. Stratton, Sc. D., secretary. 

Maj. Thurman H. Bane, United States Army. 

John F. Hayford, C. E. 

Commander Jerome C. Hunsaker, United States Navy. 

Charles F. Marvin, M. E. 

Rear Admiral William A. Moffett, United States Navy. 

Maj. Gen. Mason M. Patrick, United States Army. 

David W. Taylor, D. Eng. 

Charles D. Walcott, Sc. D. 

Orville Wright, B. S. 

The executive committee, in accordance with the general instructions of the advisory com¬ 

mittee, exercises the functions prescribed by law for the whole committee, administers the 

affairs of the committee, and exercises general supervision over all its activities. The executive 

committee holds regular monthly meetings. 

The executive committee has organized the necessary clerical and technical staffs for 

handling the work of the committee proper. General responsibility for the execution of the 

programs and policies approved by the executive committee is vested in the executive officer, 

Mr. George W. Lewis. In the subdivision of general duties he has immediate charge of the 

scientific and technical work of the committee, being directly responsible to the chairman of 

the executive committee, Dr. Joseph S. Ames. The assistant secretary, Mr. John F. Victory, 

has charge of administration and personnel matters, property, and disbursements, under the 

direct control of the secretary of the committee, Dr. S. W. Stratton. 

SUBCOMMITTEES. 

The executive committee has organized six standing subcommittees, divided into two 

classes, administrative and technical, as follows: 

ADMINISTRATIVE. TECHNICAL. 

Governmental relations. 

Publications and intelligence. 

Personnel, buildings, and equipment. 

Aerodynamics. 

Power plants for aircraft. 

Materials for aircraft. 
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The organization and work of the technical subcommittees are covered in the reports of 
those committees appearing in another part of this report. A statement of the organization 

and functions of the administrative subcommittees follows: 

COMMITTEE ON GOVERNMENTAL RELATIONS. 

FUNCTIONS. 

1. Kelations of the committee with executive departments and other branches of the 

Government. 

2. Governmental relations with civil agencies. 

ORGANIZATION. 

Dr. Charles D. Walcott, chairman. 

Dr. S. W. Stratton. 

John F. Victory, secretary. 

COMMITTEE ON PUBLICATIONS AND INTELLIGENCE. 

FUNCTIONS. 

1. The collection, classification, and diffusion of technical knowledge on the subject of 

aeronautics, including the results of research and experimental work done in all parts of the 

world. 

2. The encouragement of the study of the subject of aeronautics in institutions of learning. 

3. Supervision of the Office of Aeronautical Intelligence. 

4. Supervision of the committee’s foreign office in Paris. 

5. The collection and preparation for publication of the technical reports, technical notes, 

and annual report of the committee. 
ORGANIZATION. 

Dr. Joseph S. Ames, chairman. 

Prof. Charles F. Marvin, vice chairman. 

Miss M. M. Muller, secretary. 

COMMITTEE ON PERSONNEL, BUILDINGS, AND EQUIPMENT. 

FUNCTIONS. 

1. To handle all matters relating to personnel, including the employment, promotion, dis¬ 

charge, and duties of all employees. 

2. To consider questions referred to it and make recommendations regarding the initia¬ 

tion of projects concerning the erection or alteration of laboratories and the equipment of labo¬ 

ratories and offices. 

3. To meet from time to time on the call of the chairman and report its actions and 

recommendations to the executive committee. 

4. To supervise such construction and equipment work as may be authorized by the 
executive committee. 

ORGANIZATION. 

Dr. Joseph S. Ames, chairman. 

Dr. S. W. Stratton, vice chairman- 

Prof. Charles F. Marvin. 

John F. Victory, secretary. 

QUARTERS FOR COMMITTEE. 

The headquarters of the National Advisory Committee for Aeronautics are located in the 

Navy Building, Seventeenth and B Streets NW., Washington, D. C., in close proximity to the 

Army and Navy Air Services. The administrative office is also the headquarters of the various 

subcommittees The scientific investigations authorized by the committee are not all con- 
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ducted at the Langley Memorial Aeronautical Laboratory, but the facilities of other govern¬ 

mental laboratories and shops are utilized, as well as the laboratories connected with insti¬ 

tutions of learning whose cooperation in the scientific study of specific problems in aeronautics 

has been secured. 

THE LANGLEY MEMORIAL AERONAUTICAL LABORATORY. 

The Langley Memorial Aeronautical Laboratory is located on Langley Field, Va., on a 

plot set aside for the committee’s use when the field was originally laid out by the War Depart¬ 

ment. It is at this laboratory, and the flying field used in connection therewith, that the com¬ 

mittee prosecutes under its own direction scientific research on the more fundamental prob¬ 

lems of flight. The laboratory as a whole now comprises six units, namely, a research labo¬ 

ratory building, including administrative and drafting office, machine and woodworking shops, 

and photographic and instrument laboratories; two aerodynamical laboratories, one containing 

an open-type wind tunnel and the other a compressed-air wind tunnel; two engine dynamom¬ 

eter laboratories, one of a permanent type, now under construction, and the other merely a 

converted airplane hangar; and on the flying field an airplane hangar 120 feet by 132 feet. 

The permanent engine dynamometer laboratory referred to is now in process of erection 

under specific authority of Congress. 

OFFICE OF AERONAUTICAL INTELLIGENCE. 

The Office of Aeronautical Intelligence was established in the early part of 1918 as an inte¬ 

gral branch of the committee’s activities. Its functions are the collection, classification, and dif¬ 

fusion of technical knowledge on the subject of aeronautics to the Military and Naval Air Serv¬ 

ices and civil agencies interested, including especially the results of research and experimental 

work conducted in all parts of the world. It is the officially designated Government depository 

for scientific and technical reports and data on aeronautics. 

Promptly upon receipt, all reports are analyzed and classified, and brought to the special 
attention of the subcommittees having cognizance, and to the attention of other interested 
parties, through the medium of public and confidential bulletins. Reports are duplicated where 
practicable, and distributed upon request. Confidential bulletins and reports are not circulated 
outside of governmental channels. 

To efficiently handle the work of securing and exchanging reports in foreign countries, the 
committee maintains a technical assistant in Europe, with headquarters in Paris. It is his duty 
to personally visit the Government and private laboratories, centers of aeronautical information, 
and private individuals in England, France, Italy, Germany, and Austria, and endeavor to 
secure for America not only printed matter which would in the ordinary course of events become 
available in this country, but more especially to secure advance information as to work in prog¬ 
ress, and any technical data not prepared in printed form, and which would otherwise not reach 
this country. 

The records of the office show that during the past year copies of technical reports were 
distributed as follows: 

Committee and subcommittee members. 
Langley Memorial Aeronautical Laboratory 
Paris office of committee. 
Army Air Service. 
Naval Air Service, including Marine Corps. 
Manufacturers. 
Educational institutions. 
Bureau of Standards. 
Miscellaneous. 

1, 660 
1, 660 
4,205 
2, 294 
2,463 
4, 205 
4,210 
1,087 

10, 382 

Total distribution. 32,166 

The above figures include the distribution of 14,868 technical reports and 9,238 technical 

notes of the National Advisory Committee for Aeronautics. Three thousand one hundred and 
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five written requests for reports were received during the year in addition to innumerable tele 

phone and personal requests and 13,910 reports were forwarded upon request. 

AERONAUTICAL INVENTIONS. 

By virtue of a formal agreement with the Navy Department, inventions of a general charac¬ 

ter relating to aeronautics, which are received in the Navy Department, are referred to the 

National Advisory Committee for Aeronautics for consideration and proper action. The commit¬ 

tee examines such inventions, conducts the necessary further correspondence with the inventors, 

and where a given invention has prospective value the committee makes a report to the Navy 

Department, a copy of which is sent to the Army Air Service. In like manner, although without 

a formal agreement, the committee considers inventions referred to it by the Army Air Service, 

and if any such inventions appear to be promising a copy of the committee s report to the 

Army is sent to the Navy in each case. 

ASSISTANCE FROM ARMY AND NAVY. 

The Army and Navy Air Services have aided whenever called upon in every practical way 

in the conduct of scientific investigations by the committee. Each service has placed at the 

disposal of the committee airplanes and engines required by the committee for research pur¬ 

poses. The committee desires to record its appreciation of the cooperation given by the Army 

and Navv Air Services, for without this cooperation the committee could not have undertaken 

many of the investigations that have already made for substantial progress in aircraft develop¬ 

ment. The committee desires especially to acknowledge the many courtesies extended by the 

Army authorities at Langley Field, where the committee’s laboratories are located. 

USE OF NONGOVERNMENTAL AGENCIES. 

The various problems on the committee’s approved research programs are as a rule assigned 

for study by governmental agencies. In cases where the proper study of a problem requires the 

use of facilities not available in any governmental establishment, or requires the talents of men 

outside the Government service, the committee contracts directly with the institution or indi¬ 

vidual best equipped for the study of each such problem to prepare a special report on the 

subject. In this way the committee has marshaled the facilities of educational institutions 

and the services of many specialists in the scientific study of the problems of flight. 

WORK IN PROGRESS FOR THE ARMY AND THE NAVY. 

As a rule, the technical subcommittees, including representatives of the Army and Navy 

Air Services, prepare programs of research work of general use or application, and these pro¬ 

grams, when approved by the National Advisory Committee for Aeronautics, furnish the 

problems for solution by the Langley Memorial Aeronautical Laboratory. The cost of this 

work is borne by the committee out of its own appropriation. If, however, the Army Air 

Service or the Naval Bureau of Aeronautics desires specific investigations to be undertaken by 

the committee, for which the committee has not the necessary funds, the regulations as approved 

by the President provide that the committee may undertake the work at the expense of either 

the Army or the Navy. 

The work thus undertaken by the committee during the past year may be outlined as 

follows: 

For the Naval Bureau of Aeronautics.—The following researches were undertaken by the 

committee at the request of the Navy: 

Comparative study of the stability, controllability, and maneuverability of airplanes, 

in continuation of studies already made, including the following models: VE-7, 

SE-5, FoTcker D-VII, and MBS. This work involved the design of an accelerometer 

and a photographically recording air-speed meter. 

Study of effective dihedral and later controllability. 
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Study of pressure distribution over the envelope and controls of a “C ; class airship, 

involving the design and construction of a multiple manometer for the measure¬ 

ment of the distribution of pressure, and a recording gyro rate-of-turn indicator. 

Investigation and development of a solid fuel injection type of aeronautical engine. 

A study of biplane and triplane combinations. 
The committee’s technical assistant in Europe made purchases abroad of special aircraft 

radiators desired by the Navy. 
For the engineering division of the Army Air Service.—The following instruments were 

designed by the committee in connection with its own investigations and the investigations 

enumerated above, undertaken for the Navy, and one of each of the instruments was furnished 

the engineering division of the Army Air Service: 
Kymograph, including constant-speed electric drive, for the measurement of airplane 

oscillations. 

Accelerometer. 
Multiple manometer for the measurement of the distribution of pressure. 

Photographically recording air-speed meter. 

Recording gyro rate-of-turn indicator. 

Angle-of-incidence recorder and indicator. 

Recording manometer for wind tunnel. 

Tilting manometer. 

Micromanometer. 
An investigation of the development of a fog landing device of the pressure type was con¬ 

ducted for the Army, and report transmitted to their engineering division. 

REVISION OF NOMENCLATURE FOR AERONAUTICS. 

That aeronautics is a progressive science is demonstrated by the need for periodical revision 

of the official nomenclature for aeronautics. The committee has previously issued four reports 

on this subject, the first in 1917, the second in 1918, the third in 1919, and the fourth, known as 

Report No. 91, in 1920. This latter report, at the time of its issuance, was officially promul¬ 

gated by the Secretary of the Navy for use throughout the Navy, and by the Chief of the Army 

Air Service for use in his service. 
During the year 1922, a special conference on aeronautical nomenclature was authorized 

by resolution of the executive committee. The committee officially invited the Chief of the 

Army Air Service, the Chief of the Bureau of Aeronautics of the Navy Department, the Direc¬ 

tor of the Bureau of Standards, the Second Assistant Postmaster General, the Society of Auto¬ 

motive Engineers, the American Society of Mechanical Engineers, and the Aeronautical Cham¬ 

ber of Commerce to designate representatives to serve on this special conference on aeronautical 

nomenclature. This representative group was engaged in a revision of the nomenclature during 

the spring and summer of 1922. Their work was officially approved by the executive committee 

on August 31, 1922, and the new nomenclature for aeronautics was authorized to be published 

as Report No. 157. This report supersedes all previous publications of the committee on this 

subject. 
BIBLIOGRAPHY OF AERONAUTICS. 

The bibliography of aeronautics for the years 1910 to 1916 was issued by the committee in 

1921. The next presentation of a bibliography of aeronautics will cover the years 1917, 1918, 

and 1919 in one volume, and will be issued by the committee in 1923. The bibliography for 

1920 and 1921 is nearing completion, and will be issued in one volume. Beginning with 1922, 

it is the policy of the committee to issue the bibliography annually. 
Citations of the publications of all nations are included in the languages in which the pub¬ 

lications originally appeared. The arrangement is dictionary form, with author and subject 

entry, and one alphabetical arrangement. Detail in the matter of subject reference has been 

omitted on account of cost of presentation, but an attempt has been made to give sufficient 

cross-reference to make possible the finding of items in special lines of research. 

53006—23-2 
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SAFETY OF PASSENGER-CARRYING AIRPLANES. 

Pending the enactment of legislation for the regulation of air navigation, the National 

Advisory Committee for Aeronautics, in May, 1922, called upon the operators of aircraft to 

voluntary equip their aircraft to promote the safety and comfort of passengers. The com¬ 

mittee stated that the suffering and loss of life attending forced landings of aircraft on land 

and water could be lessened by making use of existing knowledge and facilities. To that end, 

the committee urged that large seaplanes should be provided with radio and other signaling 

equipment, be seaworthy as well as airworthy, and carry at all times fire extinguishers, life 

preservers, a first-aid kit, and a supply of food and fresh water; and that airplane operating over 

the land should carry radio or other signaling apparatus, fire extinguishers, and a first-aid kit. 

AMERICAN AERONAUTICAL SAFETY CODE. 

The project for establishing a safety code for aeronautics has during the past year taken 

concrete form and the work of formulating such a code is in active progress. The work is being 

pursued according to the scheme of procedure of the American Engineering Standards Com¬ 

mittee, which in 1920 recognized the United States Bureau of Standards and the Society of 

Automotive Engineers as joint sponsers for this project. 

A sectional committee to handle the technical work was formed during 1921, and at a 

meeting held in New York September 2, 1921, the permanent organization of this committee 

was effected, the officers being: Chairman, Mr. H. M. Crane, Society of Automotive Engineers; 

vice chairman, Dr. J. S. Ames, National Advisory Committee for Aeronautics; secretary, Dr. 

M. G. Lloyd, Bureau of Standards; assistant secretary, Mr. Arthur Halstead, Bureau of Stand¬ 

ards. Five subcommittees were appointed to deal, respectively, with the following subjects: 

Airplane structure, including design, construction, and test. 

Power plants for aircrafts, including design, construction, and tests. 

Equipment and maintenance of airplanes. 

Lighter-than-air craft, including balloons, airships, and parachutes. 

Airdromes and traffic rules, including landing fields, airports, signals, and qualifications 
for pilots. 

The sectional committee consists of 32 members and the five subcommittees include 32 

members who are not also members of the sectional committee. The following organizations 
have representation on the sectional committee: 

Aero Club of America. 

American Institute of Electrical Engineers. 

American Society of Mechanical Engineers. 

American Society for Testing Materials. 

American Society of Safety Engineers. 

Manufacturers Aircraft Association. 

National Aircraft Underwriters Association. 

National Advisory Committee for Aeronautics. 

National Safety Council. 

Rubber Association of America. 

Underwriters Laboratories. 

United States Coast Guard. 

United States Forest Service. 

United States Navy Department. 

United States Post Office Department. 

United States War Department. * 

United States Weather Bureau. 

The work vas started with a synopsis of a safety code and a preparatory draft made up 

from existing rules already in existence as compiled by various organizations for their own use. 

Duiing the year the subcommittees have been studying and amplifying this preliminary draft, 
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modifying it to fit experience in practical aviation work and supplementing it with material on 

subjects not already completely covered: Two of the subcommittees have issued revised 

drafts for general comment and criticism before taking final action upon them. The work of 

the other three subcommittees is approaching a similar stage and a meeting of the sectional 

committee and the five subcommittees is to be held in November, 1922, which will undoubtedly 

show material accomplishments in this important work. 

National uniformity in procedure and practice will undoubtedly be facilitated by this 

work and such uniformity can better be secured in the early stages of the art before diverse and 

conflicting local practices and laws become established. 
The safety code may be used as a source of well-considered information by agencies under¬ 

taking the establishment of airdromes and airways or commercial air services and will also be 

of assistance to the manufacturers of aircraft. 

CANADA’S CONTINUED COURTESY TO AMERICAN AIR PILOTS. 

In June, 1920, the committee received from the State Department information to the effect 

that the Canadian Air Board had promulgated regulations permitting United States qualified 

aircraft and pilots to fly in Canada until November 1, 1920, on the same basis as if the United 

States had established air regulations as contemplated under the Convention for the Regulation 

of International Air Navigation. The Canadian Air Board has repeatedly extended this for 

successive periods of six months, and it remains a matter of courtesy pending the enactment 

of a separate treaty with Canada on the subject, because our Government has not ratified the 

Convention for the Regulation of International Air Navigation. In May, 1921, the Secretary 

of State requested the advice of the committee on the subject of further extensions of these 

courtesies by the Canadian Air Board. The committee, by resolution adopted at its meeting 

held on May 12, 1921, recommended that the State Department accept, on behalf of the Gov¬ 

ernment of the United States, a further extension by six months of the period during which 

American pilots and aircraft will be permitted to fly in Canada under existing conditions; and 

that the State Department express to the Government of Canada the deep appreciation of the 

Government of the United States for the repeated courtesies of the Government of Canada in 

this matter, and at the same time express the hope that Federal legislation may be enacted at 

an early date which may lead to a more permanent and definite solution of the matter. 

The committee is of the opinion that the existing situation is highly undesirable, and 

serves to emphasize the need for the early enactment of Federal legislation for the regulation 

of air navigation, which is one of the recommendations contained in the national aeronautical 

policy. 
REPORT OF THE COMMITTEE ON AERODYNAMICS. 

ORGANIZATION. 

The committee on aerodynamics is at present composed of the following members: 

Dr. John F. Hayford, Northwestern University, chairman. 

Dr. Joseph S. Ames, Johns Hopkins University, vice chairman. 

Maj. T. H. Bane, United States Army. 

Dr. L. J. Briggs, Bureau of Standards. 

Commander J. C. Hunsaker, United States Navy. 

Dr. Franklin L. Hunt, Bureau of Standards. 

Maj. H. S. Martin, engineering division, McCook Field. 

Prof. Charles F. Marvin, Chief Weather Bureau. 

C. I. Stanton, Air Mail Service. 

Prof. Edward P. Warner, Massachusetts Institute of Technolog}7, secretary. 

Dr. A. F. Zahm, United States Navy. 
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FUNCTIONS. 

The functions of the committee on aerodynamics are as follows: 

1. To determine what problems in theoretical and experimental aerodynamics are the 

most important for investigation by governmental and private agencies. 

2. To coordinate by counsel and suggestion the research work involved in the investigation 

of such problems. 
3. To act as a medium for the interchange of information regarding aerodynamic investi¬ 

gations and developments in progress or proposed. 

4. The committee may direct and conduct research in experimental aerodynamics in such 

laboratory or laboratories as may be placed either in whole or in part under its direction. 

5. The committee shall meet from time to time on the call of the chairman and report its 

action and recommendations to the executive committee. 

The committee on aerodynamics by reason of the representation of the various organiza¬ 

tions interested in aeronautics is in close contact with all aerodynamical work being carried 

out in the United States. In this way the current work of each organization is made known 

to all, thus preventing duplication of effort. Also all research work is stimulated by the prompt 

distribution of new ideas and new results which add greatly to the efficient conduction of aero¬ 

dynamic research. The committee keeps the research workers in this country supplied with 

information on all European progress in aerodynamics by means of a foreign representative 

who is in close touch with all aeronautical activities in Europe. This direct information is 

supplemented by the translation and circulation of copies of the more important foreign reports 

and articles. 

The aerodynamic committee has direct control of the aerodynamical research conducted 

at Langley Field, the propeller research conducted at Leland Stanford University under the 

supervision of Dr. W. F. Durand, and some special investigations conducted at the Bureau of 

Standards and at a number of the universities. The investigations undertaken at the Wash¬ 

ington Navy Yard aerodynamical laboratory, the Bureau of Standards, and the Massachusetts 

Institute of Technology are reported to the committee on aerodynamics. 

LANGLEY MEMORIAL AERONAUTICAL LABORATORY. 

Wind tunnels— The committee’s No. 1 wind tunnel at Langley Field is now operating 

steadily on aerodynamic research, which consists mainly of airfoil and pressure distribution 

tests. A third honeycomb, consisting of very small cells, has been added to the tunnel this 

year at the entrance of the experimental section, greatly improving the quality of the air flow 

in the tunnel. The automatic speed regulators operate satisfactorily and obviate the neces¬ 

sity for hand regulation during a test. A speed of 30 m./sec. has been adopted as the regular 
testing speed. 

A new compressed-air wind tunnel which the committee is constructing is now practically 

completed, and in fact preliminary runs have been made with it. This wind tunnel will operate 

normally at a speed of 25 m./sec. and at a pressure of 20 atmospheres, thus giving conditions 

equivalent to full scale. The mechanical difficulties of operating the balance inside of the 

compressed-air tank are considerable, but have been overcome by the use of full electrical 

control of all adjustments and the balance may be so arranged as to be automatically 
balancing. 

The high-speed wind tunnel at McCook Field has been completed except for the balance 

and gives velocities of over 200 miles per hour. The large open-air wind tunnel of the Bureau 

of Standards is now under operation and in light winds gives an air flow of satisfactory steadiness. 

The small wind tunnel at the Massachusetts Institute of Technology has been operating 

for some time with a much higher efficiency than before reconstruction and the large wind 

tunnel has just been completed. The Washington Navy Yard wind tunnels, under the direc¬ 

tion of Doctor Zahm, have carried out in connection with the routine tests a number of very 

important investigations, a more detailed report of which is given in this report. 
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Flight section.—During the year the committee has constructed two steel hangars, each 

66 feet by 120 feet, for the housing of its experimental airplanes. Facilities are also included 

for airplane construction and repair which greatly facilitates the carrying out of flight research. 

There are in commission at the present time three JN4h airplanes, one VE-7, one S. E. 5, one 

DH-4, and one Thomas Morse MB-3 airplane. In addition to these airplanes, the following 

airplanes are now being refitted and will be ready for flight within a few months: A Spad 7, a 

Nieuport 23, a Fokker D-7, and a DH-9, the latter airplane to be fitted up for passenger carrying. 

During the past year the flying time of the airplanes has been 110 hours, representing 449 

flights. Forty-six per cent of the flying time has been confined to actually making measure¬ 

ment in the air.' During the year no accidents of any kind have occurred and no forced landings 

were experienced even though several cross-country flights were made. 
Instruments.—The principal pieces of apparatus constructed for the wind tunnel consisted 

of the automatic balance for use in the compressed-air tunnel, a high-pressure manometer 

designed to stand a pressure of 20 atmospheres, and a wire balance for the No. 1 wind tunnel 

for making biplane and triplane tests. The compressed-air wind tunnel balance consisted essen¬ 

tially of a built-up aluminum ring completely surrounding the experimental chamber of the 

tunnel. The model is supported from this ring and the forces on the ring are measured by 

balance beams with motor-driven weights. This balance is capable of weighing forces up to 

approximately 500 kilograms and yet is sensitive to about 5 grams. 
During the year there has been designed and constructed an accelerometer which will record 

accelerations along three mutually perpendicular axes. Another instrument which has been 

constructed this year is a three component turn meter for recording the angular velocities 

about three perpendicular axes. This instrument consists of three motor-driven gyroscopes 

mounted on pivots and restrained from precessing by springs. Any angular velocity therefore 

causes a precessional force, slightly deflecting the springs and thereby moving a light beam 
which traces a curve on a moving film. Means are provided for recording all three quantities 

upon a single film. 
A new motor has been developed for driving the film drum of the recording instruments 

This motor is very small and light, runs at a low speed, and gives perfect synchronization between 

the instruments. It was originally developed to drive a kymograph where the usual direct- 

current instrument motor would be too heavy and bulky. The operation of the motor was so 

satisfactory, however, that it is now being adopted for all of our recording instruments. 

A recording angle of attack meter has been developed during the year which consists of a 

pivoted vane out at the wing tip with electrical means for transmitting motion to a mirror in 

the recording instrument. The first instrument had some inherent errors, but a second one is 

now being built which will eliminate them. 
A trailing streamline case with a pitot tube in the nose and stabilizing tail at the rear has 

been developed for recording the angle of flight path and the air speed on instruments inside of 

the case. The case is lowered on two wires below the airplane which allows us to record these 

quantities in a place which is entirely free from the influence of the airplane. There has also 

been constructed a trailing pitot tube of the same type, but with rubber tubes connecting it 

with the cockpit of the machine so that the installation error of the air speed head on the wing 

may be determined directly. 
A recording statoscope has been constructed for use in some of our researches which has 

proved quite satisfactory. It consists of a recording air speed meter connected on one side to a 

large thermos bottle. 
Airfoil tests.—A number of airfoil tests have been carried out at high speeds in the N. A. C. A. 

No. 1 wind tunnel for McCook Field in order to obtain high values of VL. A number of other 

tests have been made on various airfoils to determine the effect of turbulence and spindle 

interference on their lift and drag. 
An extensive investigation has been carried out this year in order to determine the distri¬ 

bution of pressure accurately over the wing tips of an airfoil. Four wing-tip shapes were tried 

rectangular, elliptical, a positive rake, and a negative rake. The tests show that the loading in 
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some cases was very severe but that the wing with the negative rake gave the most satisfactory 

distribution of load. 
There is now being carried out for the bJavy Department an extensive investigation on the 

separate forces on the&airfoils of a biplane and triplane. This investigation is to be carried out 
on five different wing sections and with all combinations of gap and stagger. 

Work has been started on measuring the lift and drag of various wing sections on one 
airplane by gliding flights with the propeller stopped. The methods used eliminate the effect 
of vertical currents which in the past has made it difficult to obtain consistent results. The 
sections which are being tried first are the R. A. F. 15, the Eiffel 36, and the U. S. A. TS No. 5. 

Stability.— During the year a number of investigations have been carried out in flight on 
stability. By means of several recording instruments the oscillation of an airplane was studied 
completely, by the simultaneous determination of the air speed, the altitude, the angle of the 
machine, the angle of the path, and the angle of attack. The resulting curves of these various 
quantities were very close to sine curves but with different phase relations. 

The effect on the dynamic stability of a change in the longitudinal moment of inertia was 
carefully studied on one airplane. While the increase in moment of inertia increased the period 
of oscillation slightly it did not, however, decrease the damping to a measurable extent. 

An investigation has been carried out for the engineering division, McCook Field, to deter¬ 
mine the magnitude and quality of the small oscillations occurring in flight for several types of 
airplanes and under all air conditions. A large number of records were taken with the N. A. C. A. 
kymograph about longitudinal, lateral, and vertical axes in smooth and bumpy air. 

The value of the damping in roll has been determined for the JN4h in flight by suddenly 
applying to the airplane a known moment and measuring the resultant angular velocity. This 
moment was applied by sending the airplane up with 150 pounds of sand in a box on each wing 
tip. When a record was ready to be made, the sand in one of these boxes was suddenly released, 
thereby giving a large unbalanced moment. The resulting angular velocity was then recorded 
by a recording turn meter. 

Controllability.—An investigation has been carried out during the year in the No. 1 wind 
tunnel on the effectiveness of ailerons when applied to wing sections of varying thickness and 
plan form. It was found that whereas the thickness of the section had very little effect upon the 
aileron efficiency that tapering the section in plan form increased the control at high angles of 
attack. 

Some work has been done in flight on finding the cause for a sluggish control on certain 
airplanes. It was found that this was due to the use of a very thick section for the control 
surface which left the movable parts in a turbulent wake so that it did not become effective until 
it had been rotated several degrees from its neutral position. This condition was greatly 
improved by the use of a much thicker movable portion so that the air followed each side more 
closely. 

Maneuverability.—An extensive investigation of maneuverability has been made during the 
year in order to find a satisfactory definition of this term and to find definite means of measuring 
it. The work was all done on a JN4h by measuring the angular velocity produced by definite 
movements of its controls. It is hoped, however, that the work may be repeated on several 
other airplanes in order to determine what factors of design influence maneuverability. 

The angular velocity was measured on a JN4h while it was undergoing various stunts such 
as loops, rolls, and spins with a recording turn meter, as there seemed to be no data available 
on the maximum angular velocity and accelerations experienced in stunting. 

Landing and talcing off.—Accelerometer control position and air-speed records were taken 
on a JN4h when taking off and landing in order to see just how the pilot operated the controls 
under these conditions as well as to see at what speed the airplane usually left and struck the 
ground. A large number of landings were made in different ways and with different pilots 
and the resulting data should be of value both to the pilot and to the designer. 

An investigation was undertaken for engineering division, McCook Field, in order to inves¬ 
tigate the practicability of a pressure device for measuring the proximity of the ground. The 
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device consisted in mounting below the upper and lower wing a static head in such a way that 

the pressure difference between them was constant for all flight speeds. On approaching the 

ground, however, a slight pressure difference was shown but it was not found possible to detect 

the presence of the ground from a height greater than 15 feet. 

Stresses in flight.—There is now being carried out an extensive investigation on the distri¬ 

bution of pressure over the wings of a high-speed airplane both in uniform flight and while 

stunting. The airplane selected for this purpose was a Thomas Morse MB-3 especially strength¬ 

ened, which was capable of flying as high as 150 miles an hour. Pressures on holes distributed 

over the surfaces of the wing were recorded on two of the N. A. C. A. multiple manometers. 

Along with the pressures were also recorded the acceleration, the positions of all controls, and 

the air speed. 

The accelerations along all three axes of an SE-5 while stunting have been determined 

with the new N. A. C. A. three component accelerometer. This is probably the first time the 

three accelerations have been simultaneously recorded. 

Spheres.-—The resistance of a 15 and 20 centimeter sphere was measured in the No. 1 wind 

tunnel over a large speed range, reaching higher values of VL than have been recorded before. 

The effect of turbulence on the resistance was also studied. 

The resistance of spheres up to 40-centimeter diameter was measured in flight by trailing 

them on a fine wire below the airplane. While the results showed agreement with the wind 

tunnel tests beyond the critical point, a separate curve of resistance coefficient for each sized 

sphere was obtained at low VL’s. Some preliminary work was carried out to determine sphere 

resistance by dropping large rubber balls from a considerable altitude onto a surface of water. 

If the sphere were light, a uniform velocity was attained quickly; but if heavy, acceleration 

occurred during most of the fall. 

Airships.—The committee is measuring the dsitribution of pressure over the whole envelope 
and control surfaces of a nonrigid airship for the Navy. Pressure pads are cemented to the 
surfaces and tubes lead down to multiple manometers in the car. Pressures are measured at 
different flight speeds and under all conditions of maneuvering in order to get the greatest 
loads that can occur. 

A number of model tests on airships have been made in the wind tunnels at the Bureau 
of Standards and at the navy yard. 

Airplane performance.—The performance was measured of a JN4h with three combinations 

of wings, and a VE-7 having the same weight, engine, and propeller as the other airplanes. 

It was found that variations in the wing section and area had only a small effect on the 

performance, while the sheamlining and radiator mounting had a large effect. 

AERODYNAMIC THEORY. 

During the past year the study of the theory of air forces has received particular attention 
from the National Advisory Committee for Aeronautics. This work is still in progress, since 
it is considered to be of great importance. The chief aim of technical research work must 
always be to condense the large number of single and isolated tests into simple methods of 
computation generally applicable. 

Dr. Max Munk, technical assistant of the committee, has succeeded in developing and 
working out for practice simple methods of calculations covering almost all of the important 
parts of aerodynamics. These computations will give results comparable in exactness to the 
actual tests, and included in the solutions are many important problems where formerly little 
was known for lack of tests. A specific example is the solution of the problem of the forces 
on an airship in a turn. 

The chief result of the past year’s work are: 
1. The simple elementary calculation of the lift and stability of any wing section as 

dependent on its shape. 
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2. The simple elementary calculation of the transverse air forces and their distribution 

on an airship hull when flying under various conditions involving pitch and yaw or the effects 

of gusts. 
3. Calculation of the lift and stability of biplane wings formed from any wing section. 

These calculations are based on the characteristics of the basic section. The method is also 

applicable to triplanes and multiplanes. 
4. New and simple rules for the design of efficient air propellers, taking into consideration 

the air friction on the blades. 
5. Rules for the determination of the most economical speed of airships. 

The foregoing can immediately be employed with advantage on the corresponding tech¬ 

nical problems, and several of them have actually been used. Nos. 1 and 2 will be the chief 

means of obtaining information under their respective heads. 
In addition to papers on these subjects, Doctor Munk has prepared several treatises which 

are not yet ready for practical application. They form an intermediate stage, to be further 

improved and simplified, for the critical reduction of experimental data, and thus become 

useful. These papers are: 
6. New method for the calculation of the longitudinal stability of airplanes. 

7. Method for the calculation of air propellers. 

8. Solution of the problem of the twisted wing with an elliptical plan form. This includes 

the calculation of the rolling moment produced by ailerons and the damping moment of a wing 

in roll. 

The calculation of the air forces on wing sections.—The wings are the most important part 

of an airplane, and a thorough knowledge of their properties is a fundamental condition for 

successful design and systematic improvement. During the past year a practical method has 

been developed for the computation of the aerodynamic properties of wing sections. Older 

methods were not practical and not generally applicable. They made use of certain intricate 

mathematical transformations which can be understood and performed only by specialists in 

the particular branch of mathematics involved. Furthermore, the older methods could be 

applied only to certain mathematically shaped wing sections. The various papers in existence 

on this subject differed chiefly in the shape of the wing sections to which they referred. 

It has been shown that the relation between the air forces and the shape of the wing section 

is by no means as complicated as was formerly thought. On the contrary, lift and moment 

can be deduced from the shape of the section by elementary methods in a way similar to, and 

no more difficult than, for instance, the computation of the section modulus from the shape 

of the section. The lift always consists of two parts. One part is the lift of a plane under the 

same conditions and having a constant center of pressure at 25 per cent of the chord. This is 

always known. Only the remaining second part of the lift is to be calculated, and at given 

velocity of flight and density of air it is constant for all angles of attack. This is exceedingly 

simple, because the different portions of the wing act independently of each other. It was 

not realized that the lift at the angle of attack 0° is the sum of the elements of the lift created 

by the single portions of the wing section, and that these portions of the lift are proportional 

to the mean height of the section through the chord at each point, and to a simple function of 

the distance from the leading edge. This is nevertheless the case, and hence a single summa¬ 

tion involving some multiplication and addition is all that is necessary to calculate the second 

part of the lift, which is then added to the first part. The center of pressure of the second part 

is found in a similar manner, and is usually nearly 50 per cent of the chord. If the angle of 

attack is increasing, the first part of the lift increases and the second remains constant. This 

explains in the most elementary and simple manner the phenomenon of the travel of the center 

of pressure. Two forces act at different points and their ratio changes. Every engineer under¬ 

stands from this why the center of pressure travels and to what degree. For a symmetrical 

section with equal upper and lower camber the second part of the lift is zero on account of 

the symmetry, and therefore the calculation gives a constant center of pressure at approxi¬ 

mately 25 per cent of the chord, which is in agreement with experience. 
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This method may he applied to the calculation of the effect of turning an elevator. A 

comparison has been made between the lift of a given elevator wdien alone and when behind 

a stabilizer. It was found that the effect was increased by the stabilizer being placed in front 

but never more than double the effect even with an infinite stabilizer. 

The computation of the transverse air forces on airships.—In connection with the accident 

to the R-38 and the design construction of the ZR-1 in this country, the lack of reliable and 

general knowledge of the transverse forces on airships became apparent. There were available 

only a relatively small number of model tests, of doubtful value on account of the large scale 

ratio, and these did not refer to the case of an airship in a turn. 

An investigation of this problem led to the determination of the fact that these forces 

bear a very simple relation to the shape of the airship. New methods were employed, funda¬ 

mentally different from those previously employed in aerodynamics, differing from them in 

their simplicity and in their practical application. The intricate equations for the magnitude 

of the flow at each point were repalced by a consideration either of the entire energy of the 

surrounding flow or of its momentum. This new method of attack clears up problems in almost 

every branch of aerodynamics and corrects a number of erroneous opinions. For instance, for 

an airship in pitch it results that the unstable couple of the air force is proportional to the 

volume of the airship. This leads to new and accurate views in regard to the size of fin sur¬ 

face required for stability. The transverse forces on each portion of the airship are simply 

proportional to the slope of the curve of the cross section when plotted against the length. 

For an airship in a turn a similar and quite as simple result is obtained. Other results refer 

to an airship with an elliptical cross section and to the air forces in gusts. In other words, 

the problems concerning the air forces on airship hulls and the structural stresses produced 

are now as clear and simple as any other technical problem, .and the required data may now be 

obtained in a short time from simple calculations. 

The computation of air forces on biplane wings.—Practically all wing sections are investi¬ 

gated in the monoplane form. This is true for all theoretical investigations of the properties 

of wing sections and for practically all wind-tunnel tests. Theoretical relations between the 

air forces on the same wing section when used in the biplane or triplane arrangement were not 

known. Model tests on this problem gave results which apparently were contradictory. The 

National Advisory Committee for Aeronautics, therefore, considered it to be of sufficient im¬ 
portance to justify investigation. 

A simple relation has been worked out between the forces on a monoplane wing and the 
forces on the same wing when in the biplane arrangement. The method employed involves 

the use of an air flow around a pair of airplane wings equivalent to the flow around a biplane 

section. It is now possible to compute quickly the air forces on biplane wings from the char¬ 

acteristics of the section as a monoplane wing. 

The interference of the two biplane wings always diminishes the lift, but notin a fixed ratio. 

It was found that the lift created by the shape of the section is diminished only half as much as 

the lift created by the inclination of the wing, or the angle of attack. 

The paper on the computation of the air forces on biplane wings also includes the calculation 

of the travel of the center of pressure. It is found that the two parts of the lift previously 

mentioned have fixed centers of pressure as for the case of the monoplane, and that the travel 

of a given center of pressure is the consequence of the change of ratio of the magnitude of the 

two parts of the lift. The position of the two centers of pressure depends only on the dimen¬ 

sions of the biplane, and not on the wing section itself. 

This paper also includes the problem of the distribution of the lift over the upper and 

lower wings. This knowledge is necessary in the calculation of structural stresses. The effects 

of stagger and decalage for different wing sections are considered. The influence of the span, 

''aerodynamical induction,” is also taken into account. The paper contains much information 

which the designer requires in making calculations involving lift, drag, and moment. These 

calculations are simplified by the use of tables. 
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Propeller theory.—The present methods of propeller design do not give entirely satisfactory 

results. The rules derived from experience and those from theoretical investigations do not 

agree even in the method for obtaining the best efficiency. Much lies in the diameter required 

and in the distribution of thrust over the blade. At present it is quite difficult to design a pro¬ 

peller to fit exactly a given set of conditions. This indicates that the theory is either incomplete 

or wrong. Several studies of the propeller problem show that the present theory is incomplete 

in two respects, and therefore must yield incorrect results. Others have generalized Munk’s 

wing theory to the propeller without noting that the conditions are so different that the theory 

no longer holds good. The friction of air does not alter the design of a wing, but it is the 

dominant influence in the design of a propeller, and hence must not be neglected. An exact 

design for given conditions requires an exact consideration of the inflow, so far only the axial 

inflow was considered. The propeller theory has been modified so as to also take care of the 

tangential inflow. 

In another paper the important value of the drag coefficient of propeller blades has been 

derived from a series of free flight tests. 

The reduction of this new propeller theory to practice by simplifying it and bringing the 

necessary coefficients into agreement with the results of experience is now under way. It is 

probable that the work will lead to the desired goal of enabling the designer to find on the first 

trial the required diameter for a propeller. 

Longitudinal stability of airplanes.—The great amount of work done in connection with the 

stability of airplanes indicates that information is still lacking. 

In a treatise on longitudinal stability of airplanes the problem has been treated from the 

viewpoint of the engineer rather than that of a mathematician. The paper gives the required 

information directly from a formula instead of showing a general way only for each single case 

in which a solution may be obtained. The new method also answers the question as to whether 

or not the airplane is too stable and it is as undesirable that it be too stable as that it be not stable 

enough. The old methods of treating the problem were concerned only with the lack of sufficient 

stability. The new method gives results agreeing better with experience in some points than 

did the older methods. It is more finished than the older methods, and easier to modify as 

experimental data are obtained. 

The choice of the speed of an airship.—An airship pilot can increase considerably the range 

of his airship and its economy by always choosing the right speed suitable to the incidental 

speed and direction of the wind. The problem is then to give general rules for this suitable 

speed. The most important special case is that of a strong head wind. It was believed by 

experienced airship pilots that in this case a speed of twice the wind speed is the best speed, 

thus giving the airship a speed equal to the wind speed relative to the earth. It was found, 

however, that this is too high a speed, and that rather a speed 50 per cent greater than the 

wind speed is the most economical, thus giving the airship half the speed of the wind relative 

to the earth, and lowering the structural stresses, which are particularly dangerous in a storm. 

The problem of the twisted elliptical wing.—The technical methods of computing any air 

force, for example the air force produced by a wind, are founded on an ever-growing system of 

physical and mathematical truths, more exact, logical, and capable of development than technical 

aerodynamics. It is essential to develop this scientific aerodynamics, although it will necessa¬ 

rily be confined to a small number of specialists, in order to be able to provide the necessary 
methods to be used in their application. 

The solution of the problem of the twisted wing as presented during the past year is a 

forward step in the advancement of aerodynamics. The problem was to compute the lift and 

its distribution on a wing of elliptical plan form and variable angle of attack along the span. 

This includes indirectly the problem of the wing in roll and the important problem of the wing 

with displaced ailerons, which can be treated by the consideration of an equivalent distribution 

of the angle of attack. The particular solution refers primarily to wings with an elliptical plan 

lorm, but the results give sufficient information for any other plan form. The calculations are 

comparatively simple, and consist chiefly in a harmonic analysis. The calculations for several 
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interesting cases are now under way, and the results, when presented in tabular form, will be 

of direct practical use. 
STANFORD UNIVERSITY. 

Air-propeller research.—An extensive propeller investigation has been carried on during 

the past year for the National Advisory Committee for Aeronautics at the Stanford University 

wind tunnel. The investigation is under the direction of Dr. William F. Durand. A general 

outline of the scope of the investigation is as follows. 
(1) The examination by means of wind-tunnel test, of a set of propeller models selected 

with reference to a systematic scheme of distribution over the field of normal forms and 

proportions. 
(2) The examination of the same models as in (1) by means of the airfoil theory of the 

propeller, with aerodynamic characteristics of the various sections employed, derived by special 

wind-tunnel tests. 
(3) The examination of the same models as in (1), (or a sufficient number to insure adequate 

representation of the field) when set up and operating in the vicinity of other bodies repre¬ 

sentative of the nose of a fuselage, the nose and body, airplane wings, etc. 
(4) The selection of a few type forms, representative of the field of design covered in (1) 

and their test full size in the air. 

The purpose of (1) is obvious. 
The purpose of (2) is to develop a series of coefficients or relative factors between the known 

aerodvnamic characteristics of a series of standard forms of blade cross section, as made up 

into propeller blades, and the results to be anticipated from direct model test of the forms. 

With such a set of coefficients, the probable performance characteristics for many intermediate 

types and combinations of form and proportion could presumably be determined by a relatively 

simple computation. 
The purpose of (3) is to determine the extent and character of the modifications to be 

expected due to the existence of obstructions of various forms, as in the case of actual propellers, 

operating commonly in front of a fuselage or nacelle. 
The purpose of (4) is to develop, so far as may be found practicable, the relations between 

model and full-size forms and the extent to which the accepted laws of comparison require a 

corrective factor. 
Of this general field of study, division No. (1) has been fairly covered in the work of the 

past three years as represented in N. A. C. A. Reports Nos. 14, 30, and 64, and as reviewed 

analyzed, and unified in N. A. C. A. Report No. 141. 

WASHINGTON NAVY YARD. 

Wind tunnels.—Both the 4 by 4 foot and the 8 by 8 foot wind tunnels at the Washington 

Navy Yard under the direction of Dr. A. F. Zahm of the Bureau of Aeronautics, have been 

employed continuously on testing of a diversified nature. While a majority of the tests made 

have had direct reference to naval designs, a considerable amount of research has been carried 

out. In many cases routine tests have been extended beyond the limits set by immediate 

requirements so that a large amount of valuable data is being accumulated. Parts of these 

data are compiled from time to time and issued as Technical Notes. The important test 

results are usually published by the National Advisory Committee for Aeronautics as Technical 

Reports. 
Airfoils.—Certain airfoil sections possess considerable aerodynamic merit for a particular 

use but are either too thin or too thick for efficient wing beams. The Sloane, Albatross, and 

USA-27 are examples. The Sloane and the Albatross are quite thin, particularly at the rear 

beam. Modifications have been drawn up in an attempt to thicken these airfoils while retain¬ 

ing their distinguishing aerodynamic characteristics. On test several of these models have 

shown improvement over the original section. In the same manner the USA-27 was reduced 

in thickness, and the resulting airfoil appears to represent an improvement for general use. 
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Tests on a series of tapered airfoils supply some interesting data on the effect of taper; 

in particular, a verification of the assumption the center of pressure movement is substantially 

uniform at normal angles for all increments of the span. 

An investigation on the Handley-Page slotted wing included a determination of the effects 

of changing the airfoil section, the size, form, location, and number of slots. The investigation 

also included a study of the use of wing flaps in conjunction with the slots. A maximum lift 

coefficient of CL = 2.62 was obtained with two slots and a flap setting of about 65°. This value 

could not be realized in practice. 
A study of variable camber airfoils was carried out simultaneously with a study of the modi¬ 

fication in camber which would be necessary in practice. That is, starting from a chosen high¬ 

speed section the camber was increased in accordance with predetermined mechanical means 

which left certain irregularities in the airfoil curvature. In a similar manner a high-lift airfoil 

was used as a basic section and the effect of reducing the camber studied. The data so obtained 

is sufficient to enable a preliminary design to be made at any time. 

Tests were also made on an interesting variable area biplane model supplied by Elias & Bros. 

This model was in the biplane form with a fixed lower wing. The front portion of the upper 

wing was also fixed, but the rear portion was attached so as to rotate about a lateral axis passing 

through the points of attachment of the front struts to the lower wing. Rotating this rear 

portion therefore changes the camber, angle of attack, and area of the upper wing. 

An extensive investigation on lateral control with USA-27 and RAF-15 airfoils gave some 

very remarkable results which will soon be available for use. 

Routine tests have been made or are now under way for all naval aircraft. Particular 

attention has been given to the use of wind-tunnel data in design and performance estimation. 

Improved methods of test and of model construction yield results which are quite dependable. 

This type of testing is the chief function of the Washington Navy Yard and has been 

developed to suit the needs of design. It is customary to add to each routine test some variation 

of modification which may be regarded as research and which will prove of value in future 

design. As an example of this, the fairing used on the trailing edge of the upper wing of a 

biplane where a section is cut out just above the pilot’s cockpit might be made in alternate 

forms and so tested. 

A considerable amount of testing has been carried out on a model of the ZR-1 rigid airship. 

This model was made according to the original design which called for a length of about 645 feet. 

Later, the design was modified by the addition of a 10-meter section at the center of buoyancy. 

The model was then modified by the addition of a corresponding section and given additional 

tests. It was found that the forces and moments on either model could be calculated from the 

corresponding values on the other model and that such calculated values were in remarkable 

agreement with test values. 

The test data included the forces and moments in pitch and yaw for the models bare and 

fitted with six types of control surfaces, and damping coefficients for the long model with the 

type of controls finally selected. 

Only one model kite balloon was tested during the year. This was designated as the NU 

and is noteworthy for the unusual arrangement of the four fins at 45° to horizontal and vertical. 

Tests have been made on a series of C class airship models in which the fineness ratio was 

varied from 2.0 to 10. That is, the cross sectional area at each station was kept constant while 

the spacing of the stations was varied. This series supplements the former series in which 

various amounts of parallel middle body were inserted in the C class model at its center of 
buoyancy. 

Tests have also been made at the request of the National Advisory Committee for Aero¬ 

nautics on two streamline models supplied by the national physical laboratory. These tests are 

in connection with the comparison and standardization of all large wind tunnels. The models 

are to be tested at all wind tunnels having facilities for this work. 

A series of radiators, including the Lamblin, have been tested for cooling and resistance 

at various speeds up to 130 m. p. h. The results are in accordance with former data. 



REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS. 19 

A research on balanced controls has been partially completed. 1 A series of four double- 

cambered surfaces with aspect ratio of 3 were constructed to represent approximately the 

elevator and stabilizer of the average airplane. One had a plain elevator and three were fitted 

with the Handley Page type of balance in varying amounts. Tests have been made for lift, 

drag, and center of pressure under various conditions. Hinge moments are to be taken later. 

It was clearly brought out that the effectiveness of this type of control depends on the location 

of the axis of rotation of the movable part and that there is a sudden decrease in efficiency when 

the control has moved through an angle large enough to cause a gap between its leading edge 

and the trailing edge of the fixed surface. 

Tests were also made to determine the nature of the air flow over the deck of an airplane 

carrier. Jets of steam were found suitable for this purpose and were used in preference to the 

silken threads formerly employed. The steam photographs satisfactorily against a black 

background. 

Tests on target sleeves with varying cone angles indicated that the angle did not, within 

the limits tested, determine the steadiness of the cone, since all were equally steady. There 

was, however, some difference in resistance which might be worth consideration when such 

sleeves are to be towed from aircraft. 

One of the most valuable items so far added to the equipment of the Washington Navy 

Yard wind tunnel is a special vector protractor for drawing vector diagrams directly from 

test data. The time saved by this device is not only considerable but very important, since it 

allows the engineer in charge of the tests to follow the results very closely and plan the work 

accordingly. Much unnecessary testing is saved. 

Improvements to the plane table recently installed allow rapid and accurate checks to be 

made on all models. This feature is very important and is perhaps the deciding factor in making 

check runs on a model. It was formerly found difficult to check on test readings when consid¬ 

erable time elapsed between runs. If the model be carefully aligned before each run, however, 

no trouble is found. 

A satisfactory air turbine has been designed and constructed for use in tests which involve 

a study of slip stream effects. No opportunity to run tests of this nature has so far been had, 

but it is expected to make a research of this type on at least one model airplane in the future. 

The operation of the three dimensional balance has been improved considerably by the 

elimination of certain defects of adjustment originally present. One of these defects caused the 

shifting of the lift tare due to a temperature effect on the vertical rods. It is a remarkable fact 

that the new balance pays for itself every year in time saved, when compared with the old 

Eiffel balance. The actual testing of an airfoil, for example, on the new balance requires 

about two hours as compared with two days on the Eiffel balance, and the data are in form 

for immediate use, without further calculation. 

A resume of the developments at the Washington Navy Yard wind tunnels would not be 

complete without mention of the fork which was designed for holding airfoils under test on the 

new balance. This fork is in the form of an inverted U with streamline prongs about one- 

sixteenth of an inch thick. The depths of the shanks and the distance between them are great 

enough to hold the airfoil rigidly, yet they are of such low resistance that the total correction 

is of the order of 10 per cent at the minimum drag reading. Furthermore the streamline form 

does not disturb the flow over the model as shown by repeated tests. The only correction neces¬ 

sary is that for the resistance of the clip. 

BUREAU OF STANDARDS. 

Wind tunnel investigations.—The Bureau of Standards is now equipped with three wind 

tunnels, as follows: 

No. 1. A tunnel of the N. P. L. type of octagonal cross section, 54 inches between opposite 

faces, with a speed range from 17 to 90 miles per hour. This tunnel is provided with a modified 

N. P. L. balance and a second balance designed for very heavy models, which is used chiefly for 

drag measurements. It is also equipped with a torsional oscillator. 
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No. 2. A high-speed tunnel of the Venturi type, 36 inches in diameter at the working por¬ 

tion, and of circular cross section. This tunnel has a speed range of from 11 to 180 miles per 

hour, the maximum speed being attained with an expenditure of 110 horsepower. The tunnel 

is steady and relatively free from turbulence. It is equipped with a modified N. P. L. balance, 
but wire-suspension methods have been extensively employed. 

No. 3. The third tunnel is 10 feet in diameter in the working portion and is not housed. 

It has a faired entrance followed by a honeycomb, and the exit is expanded through a cone 

to a diameter 14.2 feet at the propeller end. A maximum speed of 75 miles per hour is obtained 

with an expenditure of 250 horsepower. Wind conditions at Washington are so favorable that 

this tunnel can be used during a large portion of the time. Wire-balance methods have been 
used exclusively in this tunnel. 

In addition to routine testing, the work in these tunnels during the year has included an 

extended investigation for the Ordnance Department of the aerodynamical characteristics of 

aircraft bomb models equipped with various fin forms and tail braces. An investigation has 

also been made for the Air Service regarding the aerodynamical characteristics of var ous 

airship hulls with and without controlling surfaces. A part of this work has been carried 

out in the large tunnel with models 1 foot in diameter and has included extended measurements 

of pressure distribution over an airship model at various angles of attack. In the course of the 

work it has been found necessary to consider corrections not ordinarily applied, such as the 

effect of spindle interference on the torque of an airship model. Another investigation for the 

Air Service has dealt with the protective action of screens on an airship at the entrance of a 

hangar. This work has been conducted in the tunnels and with larger models in the open, 

both natural and artificial winds being used. In cooperation with the National Advisory 

Committee for Aeronautics, determinations have been made of the wind speed in the tunnels 

independently of Pitot tube measurements. Small hydrogen balloons, having the same average 

density as the air, were carried through the tunnel by the wing stream in such a manner as 

to eclipse successively three beams of light which traversed the tunnel at right angles to its 
axis. 

The instant of eclipse was recorded photographically on a. rapidly moving film on which 

time intervals of one one-thousandth of a second were recorded. Speed measurements obtaint'd 

in this way agreed with those obtained by the standard Pitot tube within one-half of 1 per cent. 
This work is still in progress. • 

In cooperation with the Ordnance Department measurements have been made of the 

head resistance and cross-wind forces on models of projectiles and aircraft bombs at wind 

speeds up to 1,200 feet per second. The wind stream was supplied by a large centrifugal 

compressor, the compressed air being allowed to escape continuously through an orifice 12 

inches in diameter. The models were supported in this air stream by suitably designed bal¬ 

ances of various types. These measurements have been made possible through the courtesy 
of the General Electric Co. 

Aeronautic instruments section.— The aeronautic instruments section of the Bureau of 

Standards has continued the program of cooperative research and development work on aircraft 

instruments with the National Advisory Committee for Aeronautics, the Army, the Navy and 

other Government departments and private concerns. In addition, a considerable amount of 
routine testing on instruments has also been carried out. 

A second report on the effect on altitude on air-speed indicator readings has been submitted 

to the National Advisory Committee for Aeronautics. This report gives the results of the tests 

on Venturi and Pitot-Venturi air nozzles in the low-pressure wind tunnel referred to in last 
year s report. 

The investigation of materials for instrument diaphragms has been continued and a report 

has been submitted to the National Advisory Committee for Aeronautics for publication. Fur- 

t er information has been obtained concerning the laws of deflection of metallic diaphragms and 

a so in legard to the effect of temperature and humidity on a number of leathers, rubberized 

and treated fabrics, and rubber dams, materials suitable for nonmetallic diaphragms. In con- 



REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS. 21 

nection with this investigation measurements of the drift and recovery characteristics of metallic 

ribbons under tension have been continued and extended. An interferometer method is used. 

A report has been prepared in which is formulated the mathematical treatment of the deflection 

Bourdon tubes as presented in various published papers. An apparatus for measuring the de¬ 

flection and hysteresis of such tubes has been developed. Technical Note No. 90 of the National 

Advisory Committee for Aeronautics on “ Sylphon ” diaphragms has also been published. 

Extensive laboratory tests have been made on over 40 types of airplane compasses includ¬ 

ing British, French, German, Italian, and American service and experimental instruments. 

These experiments have been carried out in cooperation with the Bureau of Navigation and the 

Bureau of Aeronautics, United States Navy. The data are important in connection with the 

development of improved types of aircraft compasses. 

Practically all of the instruments referred to in last year’s report as under development for 

the Army and the Navy have been completed during the past year. Further developments 

include an electrically driven gyroscopic turn indicator, a temperature compensated barograph 

which gives a record of the altitude corrected for air temperature, a temperature compensated 

thermobarograph similar to the above instrument but which gives in addition a record of the air 

temperature, a combined altimeter and barograph which simultaneously indicates the altitude 

and makes a record of the same, a new type of statoscope with electrically operated valve, all 

made in cooperation with the Air Service, United States Army; also an angle of incidence recorder, 

an electric resistance thermometer for determining the gas and air temperature in lighter-than- 

air craft, a kymograph for recording airplane oscillations optically, a water speed indicator to 

show the taking off and landing speeds of airplanes, all made in cooperation with the Bureau of 

Aeronautics, United States Navy. 

Further additions have been made to the already extensive collection of aeronautic instru¬ 

ments maintained by the Bureau of Standards for the convenience of Government officials and 

others interested in aeronautic-instrument development and many conferences have been held 

at the Bureau of Standards and elsewhere with Government officials and others interested in 

aeronautic-instrument development. 

MASSACHUSETTS INSTITUTE OF TECHNOLOGY. 

Wind tunnels.—The small wind tunnel has been operating since November, 1921, and has 

made it possible to run tests at 60 miles per hour with the same power formerly required to reach 

40 miles per hour. The large wind tunnel is completed except in minor details and should be in 

operation about December 15, 1922. 

Instruments.—Experiments have been made on wire balances of various forms but none of 

great originality or complexity. The most notable instrumental addition to the wind-tunnel 

equipment has been a very satisfactory automatic control for the speed. This operates on the 

principle of the Tyrrell regulator in conjunction with a static pressure balance similar to Prandtl’s. 

It is very much simpler and cheaper than any automatic regulator previously constructed. 

Airfoils.—About 35 airfoils have been tested during the year, most of them for the Army 

but some for airplane companies. A number of those tested have been tapered in plan and 

thickness and several have been fitted with flap gears or other variable camber devices. Several 

Joukowski arifoils were investigated in connection with a study of wing theory. The airfoil 

work has been very much expedited and will be carried on with increased ease in the future as 

a result of the production by Mr. W. H. Nichols of an automatic machine for cutting the models. 

Mr. Nichols’ machine produces models with greater accuracy and a higher finish than it has 

been the usual practice to obtain by handwork and at a saving of cost and time of from 50 to 

90 per cent. Models can be cut in any material which will work in a milling machine. 

Stability.—Tests on a large number of models have been made under the direction of Prof. 

Edward P. Warner for the engineering division, McCook Field, and the routine test to which 

models of all the airplanes are subjected includes an estimate of the statical longitudinal stability. 

Wind-tunnel results have been found to check well in almost all cases with the reports of pilots 



22 REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS. 

and have been a guide to modification of design for improved stability and balance. As a 

phase of stability investigation, in order to determine the reasons for the peculiarities shown 

by certain airplanes, the downwash has been determined in numerous instances and very pecu¬ 

liar results have been found for the downwash behind the wings of certain monoplanes and 

biplanes with holes in the upper wing or other irregularity in form. A new apparatus for 

measuring damping of roll was also constructed and tests made to determine the validity of 

calculations of damping factor by the ordinary method. 
Controllability.—The work along this line has been extended to the measurement of pitch¬ 

ing and yawning moments resulting from various elevator and rudder setting on models of a 

dozen modern military airplanes. All of this work has been carried out for the engineering 

division, McCook Field. The controllability tests have given data also for the calculations of 

loads on tail surfaces under given conditions and with particular assumptions as to the manner 

in which the controls are operated, and the variation between the tail load coefficients for dif¬ 

ferent airplanes has been found remarkably small. An investigation has recently been made 

also to determine the effect on control of varying the form of the tail surfaces and the length of 

the fuselage, and the wind-tunnel results in these particulars have been partially checked in 

similar experiments in free flight. Further checking is hoped for in the near future. 

Maneuverability.—The constant attempt in this connection has been to establish a relation 

between wind-tunnel testing and the behavior of the airplane in flight. A theory has been 

built up for the determination of the maximum angular velocity of airplanes when turning with 

vertical bank, taking account of the power of the controls as determined in the wind tunnel. 

The maximum angular velocity for numerous military airplanes has been predicted in accord¬ 

ance with this theory and it is hoped that it will soon be possible to make measurements in 

flight for the purpose of checking the calculations from the model test. 

REPORT OF THE COMMITTEE ON POWER PLANTS FOR AIRCRAFT. 

* ORGANIZATION. 

The committee on power plants for aircraft is at present composed of the following members: 

Dr. S. W. Stratton, chairman. 

Henry M. Crane, Society of Automotive Engineers. 

Harvey N. Davis, Harvard University. 

Dr. H. C. Dickinson, Society of Automotive Engineers, acting secretary. 

Leigh M. Griffith, Langley Memorial Aeronautical Laboratory. 

Capt. G. E. A. Hallett, United States Army. 

Lieut. Commander S. M. Kraus, United States Navy. 

George W. Lewis, National Advisory Committee for Aeronautics. 

C. I. Stanton, Air Mail Service. 

FUNCTIONS. 

The functions of the committee on power plants for aircraft are as follows: 

1. To determine which problems in the field of aeronautic power-plant research are the 

most important for investigation by governmental and private agencies. 

2. To coordinate by counsel and suggestion the research work involved in the investigation 
of such problems. 

3. To act as a medium for the interchange of information regarding aeronautic power plant 
research in progress or proposed. 

4. To direct and conduct research on aeronautic power plant problems in such laboratories 
as may be placed either in whole or in part under its direction. 

5. To meet from time to time on call of the chairman and report its actions and recom¬ 
mendations to the executive committee. 

By reason of the representation of the Army, the Navy, the Post Office, and the industry 

upon this subcommittee, it is possible to maintain close contact with the research work being 

carried on in this country and to exert an influence toward the expenditure of energy on those 
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problems whose solution appears to be of the greatest importance, as well as to avoid wTaste of 

effort due to unnecessary duplication of research. 

The committee on power plants for aircraft has direct control of the power plants research 

conducted at Langley Field and also of special investigations authorized by the committee and 

conducted at the Bureau of Standards. Other power plant investigations undertaken by the 

Army Air Service or the Bureau of Aeronautics are reported upon at the meetings of the com¬ 

mittee of power plants for aircraft. 

LANOLEY MEMORIAL AERONAUTICAL LABORATORY. 

Extension oj Laboratory facilities.—A new power plant laboratory building is being con¬ 

structed immediately adjacent to the original building, a specific appropriation of $10,000 hav¬ 

ing become available for this purpose on July 1. The new building being too small to serve all of 

the power plant laboratory requirements, it is intended to at this time remove to it only one of 

the dynamometers from the old building. A new Diehl 75 horsepower electric dynamometer 

will be installed in the new building. The equipment of the main laboratory machine and 

instrument shops has been materially increased during the year by the addition of machine tools 

received from the surplus equipment of the Air Service, so that the shops are now well equipped 

to take care of the requirements of the entire laboratory. The physical and electrical laboratory 

equipment has also been considerably augmented. 

Fuel-injection engine.—The work on this research has continued from the status reported 

last year, both in the physical laboratory study of fuel spray characteristics and in the study of 

pump and injection-valve characteristics in actual engine operation upon the test stand. The 

development is being carried on at the request and with the support of the Bureau of Aeronautics, 

Navy Department. 

The photographic study of the characteristics of fuel-injection sprays was actively prose¬ 

cuted only during the first portion of the year, because it early became evident that the 

original apparatus was inadequate to give the results desired. The first apparatus is com¬ 

pletely described in the report for last year, and reference should be made to that report for 

information regarding the equipment and methods used. Even though the exposure was 

made by the light of an electric spark produced by the discharge of a Leyden jar or a condenser, 

and therefore occupied a very brief interval of time, it was found that its duration was too 

great for the purposes of the study of spray-drop velocity. If it be assumed that the average 

size of the fuel drop in the spray is of the order of 0.003 inch, and that these drops have an 

initial velocity approximately equal to that of sound, it is apparent that the drop will travel 

approximately 0.012 inch during an exposure lasting only one one-millionth of a second, or 

some four times its own diameter. The drop thus leaves an elongated image on the photo¬ 

graphic negative and so produces a general blurring of the whole spray photograph. This 

elongation of the image also prevents any serious study of the size or shape of the droplets. 

For these reasons, the length of the exposure should evidently be reduced to the very mini¬ 

mum, certainly to an amount not exceeding one three-millionth of a second. That the drop 

initially moves at the assumed high velocity is evident from the application of ordinary hy¬ 
draulic flow formula in the case of high pressure fuel sprays, the jet efflux velocity with a 

fuel pressure of 6,000 pounds per square inch being about 1,000 feet per second. During the 

actual tests fuel pressures up to 15,000 pounds per square inch have been used, and it is 

expected that fuel pressures as high as 10,000 pounds per square inch may be required in the 

actual operation of fuel-injection engines at the required high speeds. The initial velocity of 

the drop will of course be rapidly reduced by the air resistance, but may still be one-half of 

the maximum value at a point 2 inches or so from the nozzle and in the portions of the spray 

nearest the axis. 

With the original apparatus, the exposures were not frequent enough to show the develop¬ 

ment of the spray characteristics or the velocity of the drops. The highest exposure speed 

obtained was approximately 1,350 per second, and it was found that the complete develop¬ 

ment of the high-pressure sprays occupied only three or four exposures. This was not suffi- 

63006—23-3 
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cient to clearly define the spray action from the moment of initial appearance of the fuel at 

the orifice to the time of complete spray formation. Furthermore, the exposure frequency 

was much too slow to make it possible to follow the progress of individual drops of even small 

groups of drops, for the purpose of determining their actual velocity. At 1,350 exposures per 

second, the spray front with a velocity even as low as 100 feet per second will have traveled 

some nine-tenths inch between exposures, or much too far to permit identification of particular 

drops or groups of drops. This made it impossible to determine the velocity distribution 

throughout the spray, so that the study of this feature requires a photographic frequency of 

certainly not less than 5,000 per second. Furthermore, the illumination secured with the 

original apparatus was quite insufficient to produce a satisfactory degree of definition, except 

when the attempt at series photography was abandoned and the various condensers so con¬ 

nected that their combined discharge was dissipated in a single spark. This however pre¬ 

vented the taking of more than one photograph of each fuel spray. 

Tests with the original apparatus having developed the above limitations, work with the 

same was discontinued and the design and development of an entirely new equipment was 

begun. Owing to the special nature of the requirements, it became necessary to use much 

more elaborate and powerful apparatus for the intermittent illumination, as well as to entirely 

revise the method of distributing the images upon the photographic film, so that the production 

of this new apparatus has proved to be a matter of some magnitude. This new equipment 

consists essentially of a 100,000 volt 2-kilowatt special transformer which charges a large plate- 

storage condenser through four kenetrons. This storage condenser is of 0.194 mf. capacity and 

discharges through a water resistance of about 10,000 ohms to a smaller 0.008 mf. condenser of 

the same type, which in turn discharges across the magnesium-pointed spark gap of the quenched 

type which provides the illumination. The system constitutes a kind of electrical intermitent 

relief valve, the discharge frequency of which is determined by the relation dimensions of the 

elements. The photographic exposure frequency can by this means be carried far higher than 

with any mechanical device, so that the desired frequency of 5,000 per second is well within 
reach. 

Ihe energy dissipated in the spark is about 7 joules per spark, as compared to some 1.5 

joules with the first apparatus, so that the illumination will be quite ample to secure good 

photographic exposures with the lens somewhat stopped down. It is of interest in this con¬ 

nection to note that the ordinary magneto or battery system ignition spark used on aircraft 

and automobile engines dissipates only from 0.03 to 0.10 joule per spark. It is believed that 

the duration of the spaik can be reduced to less than one and one-millionth of a second, although 

the desiied value of one and three-millionth seconds may be obtainable for the quantity of 
energy dissipated. 

The exposuies are distributed along a stationary film by means of a revolving mirror, the 

films being held in a curved holder arranged for daylight loading. The original method of 

holding the film upon the surface of a high-speed drum had apparently nearly reached its limita¬ 

tions m the first apparatus and was a somewhat difficult manipulation to carry out. The new 

movmg-image method has the advantage of a visual observation on a ground ffiass Further 

the original method required a darkened room, a feature which would be somewhat dangerous 

m connection with the high voltages required with the new method. Owing to the very special 

nature of the apparatus it has been impossible to secure delivery of many of the items, so that 

it will be some time before actual research work with this new equipment can be started. Suffi¬ 

cient has been done, however, to show that no fundamental difficulties are to be expected. 

it l reference to the other main division of the fuel-injection engine research, viz, the study 

o ue pumps and injection valves in an actual operating engine, it may be said that this work 

as. een continuously prosecuted during the year, mainly upon the single-cylinder Liberty test 

engine mentioned in the report of last year. Although this unit was recognized as being unsuit- 

a e for fuel-injection operation, largely because of the flaring combustion chamber form of the 

Liberty cylinder, no other more suitable engine was available for the purpose. An improvised 

injection apparatus was installed on this engine consisting of a primary pump which delivered 
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fuel at a constant and controllable pressure of from 50 to 500 pounds per square inch to the 

suction of a cam-and-spring-operated injection pump mounted on the camshaft and which 

delivered the charges at pressures up to 6,000 pounds per square inch to a spring-loaded injection 

valve screwed into one of the regular spark-plug bosses. The conical or fan-shape fuel spray was 

thrown nearly straight across the cylinder, the top of the special piston being shaped to accom¬ 

modate the spray to the best advantage. Owing to the unfavorable form of the combustion 

chamber caused by the necessity of extending the piston head nearly to the cylinder head in 

order to secure sufficient pressure and temperature for compression ignition (280 to 340 pounds 

per square inch), which virtually cut off the ring of air between the upper piston wall and the 

flaring combustion-chamber wall, it was impossible to reach more than about 50 per cent of the 

air when injection was timed to occur just before top dead center. This necessitated the un¬ 

desirably early timing of the fuel injection and led to some preignition and detonation. Delay¬ 

ing the injection until after top dead center resulted in excessive after-burning or combustion 

on the expansion stroke, with consequent drop in power and efficiency. 

Notwithstanding these handicaps, the work on this engine has been well worth while and 

has yielded much valuable experience and data on the general problem. The maximum power 

secured with Diesel engine fuel oil has been around 27 B. H. P. at 1,800 revolutions per minute, 

combustion being incomplete and exhaust quite dark. An output of 23 B. H. P. at 1,750 revolu¬ 

tions per minute was obtained with a fuel consumption rate of 0.55 pound per B. H. P. per hour. 

The combustion was clean and the action regular, but the required early injection led to maxi¬ 

mum pressures that were undesirably high. The best economy was obtained at a power output of 

around 16 B. H. P. at 1,720 revolutions per minute, at which a fuel-consumption rate as lovv as 

0.47 pound per B. H. P. per hour was secured. The mechanical efficiency during this run was 

65 per cent, so that the fuel consumption per indicated horsepower is around 0.31 pound per 

hour. Considering the high mechanical friction of this engine and the other inherent handicaps, 

this performance is considered satisfactory for the purpose of demonstrating that there is no 

fundamental reason why fuel-injection engines can not be operated at the high speeds required 
for aircraft propulsion. 

The fuel oil is of the type sold generally in this country as Diesel fuel oil and is distinguished 

primarily by the combination of low price, high flash point, and low viscosity. The samples used 

in this work had a flash point of from 175° F. to 220° F., specific gravity of around 0.86, and a 

Saybolt universal viscosity of from 40 to 50 seconds at 60° F. This type of fuel is therefore quite 

safe as compared to aviation gasoline or even commercial automobile gasoline. 

A new type of fuel pump and several new forms of injection valves are now either completed 

or nearly so, a new cylinder of improved combustion-chamber form is being designed for the single¬ 

cylinder Liberty crankcase, and many minor tests have been made to determine the best forms of 

the injection-valve elements. A 300 horsepower Maybach engine has been put through calibra¬ 

tion tests in its original form and is now being made ready for the installation of fuel-injection 

equipment to demonstrate the operation of multicylinder engines by this means. 

The single-cylinder universal-test engine mentioned in previous reports has been completed 

but is not yet completely set up on the dynamometer test stand. The necessarily somewhat 

complicated structure required to give the intended universality of function and control has pre¬ 

sented some problems of construction and operation which have delayed the placing of this unit 

in service. These difficulties are now mainly solved, and it is expected that active work with 

this most interesting test engine will begin in the immediate future. 

Supercharging compressor.—The application of the Roots type blower to the supercharging of 

aeronautic engines has been further studied during the year. Following the test of the special 

supercharger blower on the dynamometer, both alone and as connected to a Liberty-12 aircraft 

engine, the combined supercharger and Liberty unit was mounted in a DH-4 airplane and fur¬ 
ther tested in flight. 

Much difficulty has been experienced in securing a suitable propeller and the incidental 

delays have prevented the progress in development that was expected. Besides the standard 

DII-4 propeller, three special propellers have been tried. None of the propellers used have 
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proved satisfactory. The best solution probably lies in the use of an adjustable-pitch propeller, 

and a propeller of this type is now on order. It is hoped that the development of this device 

will proceed at such a rate that a reasonably satisfactory adjustable-pitch propeller will shortly 

be available for installation on the supercharged Liberty engine. Until this is done, the only 

alternative is the successive trial of ordinary fixed-pitch propellers of such large diameter and 

pitch that they have to be specially built for the purpose. At the best, this latter procedure 

is objectionable, since the supercharged engine calls for propeller characteristics which vary 

with the flying altitude. 
This original model of the Roots type supercharger has run a total time of 125 hours? 

of which some 7 hours were on test flights made since the combined unit was installed in the 

DH-4 during August. The only important failure in the supercharger was occasioned by the 

seizing and consequent partial destruction of that end of both rotors next the driving-gear 

compartment. The cause of this is not definitely known, but the failure is charged to the 

entrance of some foreign body. New rotors were installed, and advantage was taken of the 

opportunity to replace the driving gears and some minor parts which had shown signs of wear. 

Aside from the difficulty with the propeller equipment, the principal faults devolved in 

the supercharger-engine unit were: An entirely unexpected amount of air leakage in the ducts 

between supercharger and engine, difficulty in securing accurate adjustment of the control 

valve, overheating of the engine due to the insufficient capacity of the standard radiator, and 

increased rotor contact evidently due to the more elastic mounting as compared to the test 

stand. The several faults enumerated are being corrected by proper changes in the equip¬ 

ment. Although the supercharger is directly connected to the engine crank shaft, only a 

slightly elastic fabric coupling intervening, no difficulty has been experienced from acceleration, 

although the maximum load has been repeatedly applied by suddenly opening the engine 

throttle at various speeds. Furthermore, the present rotors are made from an aluminum 

alloy having a specific gravity of 3.2 and it is expected to replace these with rotors made from 

a magnesium alloy with a specific gravity of 1.8, so that a further margin of reserve is provided 

against the stresses produced bv acceleration. 

In the few flight tests which have so far been made, the lack of a suitable propeller, the 

air leakage from the ducts, and the increased slip due to the increased rotor clearances have 

combined to prevent the securing of results as favorable as were prophesied upon the basis of 

the laboratory test stand results. The operation has been satisfactory, however, and it is 

believed that the application of a suitable adjustable-pitch propeller and additional radiator 

capacity, plus a tightening and refinement of the mechanical installation will make it possible 

to secure flight test results fully as favorable as estimated in the report of last year. 

The possibility of considerably reducing the weight and increasing the efficiency of the 

positive displacement blower as applied to the supercharging of aeronautic engines has been 

given some study and will be energetically attacked during the coming year. It is felt that 

the weight of the present device can be very materially lowered by reducing the size of the 

unit and running it at much higher speed. It would then also appear possible to make the 

rotors of materials better suited to resist the abrading or partial seizure caused by contact 

with each other or with the surrounding case. Inasmuch as there is ordinarily no sliding con¬ 

tact in this type of compressor, the direct mechanical friction losses are very low when the 

shafts are mounted upon ball bearings, so that the efficiency of the device is determined largely 

by the way in which the air is compressed and the amount of slippage by the rotors. Further¬ 

more, it may be that other forms of positive displacement blowers may be inherently better 

suited for development for this particular purpose. The application of valves or sliding vanes 

of some form to the ordinary Roots type of blower in order to produce some degree of adiabatic 

compression and therefore increase the adiabatic compression efficiency, will be carefully 

investigated. 

The high-speed fan-type supercharger mentioned in the report of last year as having been 

partly developed by the American Expeditionary Forces in Paris during the closing period of 

the war, has been studied from the standpoint of the development of a rotor blade form which 
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would give a satisfactory life and compression efficiency, and at the same time retain to a maxi¬ 

mum degree the advantage of low rotary inertia which alone makes the high-speed direct-driven 

fan-type compressor of possible interest for this work. Tests made of this device have shown 

an efficiency somewhat lower than yielded by the positive displacement supercharger, but it is 

believed that this disadvantage may be eliminated by the installation of suitable guide vanes 

in the inlet passage and also in the diffusion chamber surrounding the rotor. This machine 

possesses the inherent advantage of light weight and continuously uniform discharge, so that 

its development is of great interest. 
BUREAU OF STANDARDS. 

The aeronautic power plant work carried on at the Bureau of Standards during 1921 and 

1922 has been done in cooperation with the National Advisory Committee for Aeronautics, the 

engineering division of the Air Service, and the Bureau of Aeronautics of the Navy Department. 

Altitude tests of aircraft engines.—Altitude tests have been made of two engines, a 300- 

horsepower aircraft engine, the Packard 1237, and an airship engine of equal horsepower, the 

Packard 1551. The former engine was tested for the engineering division of the Army Air 

Service and the latter for the Bureau of Aeronautics of the Navy Department. The test for 

the Army was made in accordance with the standard altitude laboratory tests of engines out¬ 

lined by the engineering division and previously followed in tests of the German Maybach and 

B. M. W., and the American Liberty and Hispano-Suiza engines. The program of tests followed 

in the case of the Navy engine was quite comprehensive and that department has requested 

similar tests on a number of engines during the coming year. 

An aneroid type of automatic air-fuel ratio control has been developed and calibrated in 

close cooperation with the engineering division of the Air Service. This work was done in the 

altitude laboratory using a 300-horsepower Wright aircraft engine. 

A series of indicator cards has been taken on an engine when operating under a wide variety 

of conditions typical of those met with in flight up to altitudes of about 25,000 feet. It is 

believed that this series of cards is the most complete ever obtained on an aviation engine. 

This work was carried out under the auspices of the engineering division of the Army Air Service. 

The investigation of the effect of changes in compression ratio on aircraft engine perform¬ 

ance, started several years ago at the request of the National Advisory Committee for Aero¬ 

nautics, has been continued and a report will be prepared during the ensuing year. 

Ignition.—An investigation has been made of the liability of spark plugs to discharge over 

the outer surface of the insulator when used under conditions paralleling those in a supercharged 

engine at extremely high altitudes. This investigation was carried out under the auspices of 

the engineering division of the Air Service. A compilation has been made of data now available 

on the voltage required to produce a spark under the various conditions of pressure, temperature, 

etc., met with in the cylinders of internal-combustion engines. This has been supplemented 

and the more important conclusions checked by a considerable number of measurements. 

During some engine tests the engineering division of the Air Service found that the widen¬ 

ing of a spark-plug gap apparently decreased the tendency of the plug to preignite. The bureau 

was asked to investigate the causes for this behavior. The results of a series of tests indicated 

that an increase in the gap width of some spark plugs would cause the spark to occur at a different 

place in the plug and would thus reduce the effective spark advance resulting in an apparent 

reduction in the tendency to preignite. 

As one of the phases of the investigation of combustion, a series of measurements has been 

made at the rate of combustion of mixtures of permanent gases ignited by sparks of different 

electrical quality. The results obtained so far give no evidence of any effect on the rate of com¬ 

bustion by even extreme variations in the energy in the igniting spark. 

Carburetion.—Several methods for the inherent control of the fuel-air ratio supplied by air¬ 

craft carburetors have been tentatively tried out at the request of the engineering division of the 

Air Service. It is hoped that the possibilities and limitations of these methods can be more com¬ 

pletely determined during the coming year. 
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A short investigation has been made of the effect of changes in the viscosity and density of 

fuels on the metering of carburetors. 
An investigation has been started of the differences in the fuel-air ratios supplied by carbure¬ 

tors when steady and pulsating air streams pass through them. A report giving the preliminary 

results obtained in this investigation is in preparation for submission to the engineering division 

of the Air Service under whose auspices this work is being done. 
An investigation of the disintegration of liquid jets into drops and the transportation of 

the drops by a moving air stream is in progress. 
Fuels.—At the request of the Bureau of Aeronautics of the Navy Department an investiga¬ 

tion has been made to determine the most satisfactory benzol-gasoline blend for use as a fuel in 

a conventional type of aircraft engine having a compression ration of 6. This involved an esti¬ 

mation of the supply of benzol available, its corrosive properties, the freezing point of benzol- 

gasoline blends, as well as the metering characteristics of carburetors and the performance of an 

engine when using these blends as a fuel The Bureau of Mines cooperated in this investigation 

by preparing an estimate of the benzol available and assisted in the determination of the corro¬ 

sive properties of a number of samples. 
The tendency of a fuel to detonate is of great importance in the determination of its suita¬ 

bility for use in high-compression engines. An analysis based on the work of many experiments 

has been incorporated in a technical note entitled ‘‘The Background of Detonation,’ and pub¬ 

lished by the National Advisory Committee for Aeronautics. 
From a considerable amount of miscellaneous information obtained incidental to the investi¬ 

gations in the altitude laboratory, it has become apparent that fuel conforming to the present 

United States Government specifications for aviation gasoline may be so volatile as to form 

vapor locks in the gasoline, thus making it impracticable for use in a gravity-feed fuel system. 

This question is being further investigated and the results will be placed before the interdepart¬ 

mental committee on petroleum specifications. 

A short investigation of the effect of slight changes in the method of gasoline distillation 

(the presence or absence of cotton on the thermometer bulb), as described in specifications, has 

been made and reported to the interdepartmental committee on petroleum specifications. 

Internal combustion engine lubrication.—The greater proportion of the lubrication work of 

the section has been carried out under the auspices of the engineering division of the Air Service. 

These investigations, which are in progress, are outlined in the following paragraphs: 

(1) The development of apparatus and the methods of manipulation for the more ready use 

and standardization of the Waters oxidation test. This test promises to be one of the most 

important means of specifying satisfactory oils for internal-combustion engines. 

(2) The investigation of the relations between the values obtained from the present “cold 

test’’ and more direct measurements of plasticity at low temperatures for application in pre¬ 

dicting the rate at which oils will flow into the suction of engine oil pumps under severe winter 

conditions. 

(3) The investigation of the friction losses in standard types of engine bearings with oils 

of varying characteristics under the severe condition of heavy loads and low speeds. 

(4) The investigation of the action of lubricants under very high unit pressures, such as 

are encountered in ball bearings and gear teeth. 

(5) The development of a method for the examination of finished lubricating oils by means 

of vacuum distillation and the examination of the properties of the several oil fractions so 
obtained. 

As none of these investigations have been completed, no reports have been prepared, but 

a report covering all the engine tests on lubricants so far conducted at the bureau has been 

forwarded to the engineering division of the Air Service. 

Cooling problems.—Under the auspices of the engineering division of the Air Service an 

investigation was initiated to determine the ratio of power dissipated as heat by cooled engine 

cylinders to the power losses chargeable to their cooling fins. Only preliminary results had been 

obtained when the request for the investigation was withdrawn by the engineering division. 
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The cooling characteristics of several types of aircraft radiators have been measured as a 

continuation of work in previous years. A summary of the investigations at the bureau rela¬ 

tive to aircraft radiators, which was compiled during the fiscal year 1921, was sent to press 

during the current year. 

A mathematical analysis of thermal conduction in the fins of air-cooled engine cylinders 

was completed and submitted to the engineering division of the Air Service. Although this 

report is a detailed mathematical treatment of the subject, a series of graphic charts are in¬ 

cluded, which are so arranged as to avoid all necessity for reference to laborious mathematics 

and can serve as a guide for the designing engineer. This report is being published by the 

National Advisory Committee for Aeronautics. 

An investigation has been started having as its object the determination of methods for 

the measurement of the distribution of air flow in the several tubes of a honeycomb radiator 

and around the fins of air-cooled engine cylinders. This work, which is being carried on under 

the auspices of the National Advisory Committee for Aeronautics, has not yet been completed. 

Phenomena of combustion.—-This work, which was initiated several years ago, has been con¬ 

tinued with the support of the National Advisory Committee for Aeronautics. 

Apparatus has been developed for the measurement of flame velocities by two independent 

methods, one using an adaptation of the Bunsen-Gouy method and the other a transparent 

constant pressure bomb. The second method has been developed entirely at the Bureau of 

Standards and promises to yield results of great value. 

A large number of measurements of the flame velocity of carbon monoxide and oxygen 

mixtures have been made at a number of temperatures and with varying amounts of inert 

gases present as dilutents. The resultsjA the several thousand observations taken have indi¬ 

cated that very reliable generalizations on the reaction rates at high temperatures may be possi¬ 

ble. It is hoped to continue the work with fuels of more complex chemical structure and obtain 

information of a fundamental nature on the phenomena of combustion of internal-combustion 

engine fuels. 

Miscellaneous.—In some of the engine tests made at the bureau the fracture of thin meta 

diaphragms has been found very convenient as a means of comparing maximum cylinder pres¬ 

sures. The method of mounting the diaphragms and using them to compare maximum pres¬ 

sures has been described in a technical note published by the National Advisory Committee for 

Aeronautics under the title "Comparing Maximum Pressures in Internal Combustion 

Engines.” 

A technical note entitled "The Use of Multiplied Pressures for Automatic Altitude Adjust¬ 

ments” has been submitted to the National Advisory Committee for Aeronautics for publica¬ 

tion. This note suggests a method of obtaining automatic adjustments of aircraft-engine 

carburetor, variable-pitch propeller, etc., which, so far as is known, has never been tried but 

which appears to have many very desirable characteristics. 

NEW ENGINE TYPES. 

Several new types of aircraft engines have been designed, and some completed, during the 

past year, by the Bureau of Aeronautics of the Navy Department and the engineering divi¬ 

sion of the Army Air Service. 

One of the most important advances in increasing the reliability of aircraft engines was the 

adoption by the Bureau of Aeronautics of the Navy Department of specifications covering a 

300-hour endurance test to which all types of engines will be subjected prior to acceptance for 

service. Previously it has been considered that if an engine could complete a 50-hour endurance 

test it was quite satisfactory. The Bureau of Aeronautics, realizing that the failure of aircraft 

engines is directly attributed to the failure of minor parts, initiated a 300-hour endurance test, 

and as a result engines which were previously considered suitable for only 50 hours of 

service have been developed to successfully complete tests in accordance with the 300-hour 

specifications. The first engine to undergo this test was the Aeromarine U-8-D, which was 
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followed a few weeks later by the Packard 1551 airship engine. In June, 1922, the Wright E-2 

engine was operated continuously for 250 hours at wide-open throttle, and showed special 

durability during this run. As a result of the 300-hour continuous-operation tests, it has been 

possible to develop intake and exhaust valves which will stand 300 hours of continuous 

operation. 
The engineering division of the Army Air Service has been concerned chiefly with the final 

development of the model W 700-horsepower engine. This engine has so far passed a successful 

50-hour endurance test, and has been installed and tested in a model GA—2 airplane. The 

development of the 1,000-horsepower model W 18-cylinder engine is still being continued, and 

tests are being made of the component parts, such as cylinder head, pistons, etc. 

The Army Air Service has continued the development of the Almen barrel-type engine, and 

has recently tested the latest model of this engine, which developed 350 horsepower. 

Supercharger development has continued along the lines of adapting the exhaust driven 

type to different engines and the redesigning of the compressor element so as to be geared-driven 

from the engine. New designs provide for the placing of the supercharger at the side of the 

engine, and further provide for automatic waste-gate control. Installation and tests have been 

started of the Sturtevant geared supercharged in the DH-4B airplane, with Liberty engine 

The engineering division has further continued its study of air-cooled cylinders, carburetors, 

and ignition systems. Tests have been conducted in flight on different types of cooling systems, 

in cooperation with the Bureau of Standards, with a view to working out a practical method 

for the design of radiators of given types for known conditions. Fifty-hour service tests have 

been conducted on the 1921 Liberty engine, the Curtiss CD-12, the Wright model 2 with light 

pistons, and the Packard 2025 engine. 
The Bureau of Aeronautics of the Navy Department has successfully developed an air¬ 

cooled engine, with the cooperation of the Lawrance Aero Engine Corporation The Bureau 

of Aeronautics developed a set of specifications in June, 1921, and in November of the same 

year the first experimental engine was delivered to the aeronautical engine testing laboratory 

at the Washington Navy Yard. A complete and exhaustive study was made to determme the 

weak points of the engine. Subsequent engines have incorporated in their designs new features 

which were developed as a result of these tests. The engine is now in production and is known as 

the Lawrance D-l, developing 220 horsepower at 1,800 revolutions per minute, the total weight 

being 425 pounds. 

The Wright E-2, 180-horsepower engine was subjected to a service test at the Washington 

Navy Yard, and it was found that there were a few details in the construction which limited its 

service performance to not more than 50 hours without Overhauling. After exhaustive tests 

the Wright Aeronautical Corporation modified the original E-2 in accordance with Navy speci¬ 

fications and developed the E-3. The changes involved consist of open cylinder sleeves sil- 

chrome valves, aluminum-bronze valve seats, and Kelly metal for the main and connecting-rod 

bearings. With the new modifications the engine successfully passed a 250 hours’ endurance run, 

developing more than its rated horsepower during the complete test. 

The Curtiss CD-12 pursuit engine was modified according to specifications with the coopera¬ 

tion of the Curtiss Aeroplane & Motor Corporation. The redesigned engine was renamed the 

D-12 and is essentially the same as the original CD—12 engine, having, however, heavier crank¬ 

shaft, silchrome valves, and a number of other features which make it one of the most reliable 
engines in the country. 

The Aeromarine Plane & Motor Co., with the assistance of the Bureau of Aeronautics, has 

developed a six-cylinder vertical-in-line engine for lighter-than-air craft. The notable features 

of this engine, which is known as the U-6-D, are monolithic cylinder construction, removable 

cylinder sleeves, removable cylinder heads, and a new type valve gear arrangement. 

As a result of the excellent performance of the Aeromarine U-6D airplane engine, the 

Bureau of Aeronautics prepared specifications covering the development of a similar engine of 

the eight-cylinder type. The eight-cylinder engine has its cylinders set at 60°, develops 220 

horsepower at 1,800 revolutions per minute, and was the first engine to complete successfully 

the standard 300-hour endurance test required by the Bureau of Aeronautics. 
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The Bureau of Aeronautics contracted with the Packard Motor Car Co. for the design and 

development of an airship engine to incorporate as its main features reliability and durability. 

The lirst engine has been delivered, and passed the standard 50-hour acceptance test. The 

characteristics of the engine are individual cylinder construction, permitting the removal of 

any one cylinder without removing the engine from the power car, better ignition system, and 

low fuel consumption with great durability. The engine has recently successfully completed a 

standard 300-hour endurance test, developing approximately 340 horsepower at 1,400 revolu¬ 

tions per minute. 
The Wright Aeronautical Corporation has developed for the Bureau of Aeronautics a 12- 

cylinder 60° V engine of 525 horsepower at 1,800 revolutions per minute. This engine was 

designed principally for installation in torpedo-carrying airplanes. The first engine of this 

type has completed the standard 50-hour acceptance test, the principal characteristics of the 

construction being open cylinder sleeves, removable cylinder heads, and aluminum-bronze 

valve seats 

REPORT OF COMMITTEE ON MATERIALS FOR AIRCRAFT. 

Following is a statement of the organization and functions of the committee on materials for 

aircraft: 
ORGANIZATION. 

Prof. Charles F. Marvin, chairman. 

Dr. G. 1L Burgess, Bureau of Standards, vice chairman. 

Mr. Henry A. Gardner, institute of Industrial Research. 

Prof. George B. Haven, Massachusetts Institute of Technology. 

Commander J. C. Hunsaker, United States Navy. 

Mr. A. M. Hunt, American Magnesium Corporation. 

Dr. Zay Jeffries, Aluminum Co. of America. 

Mr. J. B. Johnson, engineering division, Air Service. 

Prof E. P Warner, Massachusetts Institute of Technology. 

Dr. Carlisle P Winslow, Forest Service. 

Prof. H. L. Whittemore, Bureau of Standards, acting secretary. 

FUNCTIONS. 

L To aid in determining the problems relating to materials for aircraft to be experimentally 

attacked by governmental and private agencies. 
2. To endeavor to coordinate, by counsel and suggestion, the research and experimental 

work involved in the investigation of such problems. 
3. To act as a medium for the interchange of information regarding investigations of ma¬ 

terials for aircraft, in progress or proposed. 
4. The committee may direct and conduct research and experiment on materials for aircraft 

in such laboratory or laboratories, either in whole or in part, as may be placed under its direction. 

5. The committee shall meet from time to time on call of the chairman and report its ac¬ 

tions and recommendations to the executive committee. 

The committee on materials for aircraft, through its personnel acting as a medium for the 

interchange of information regarding investigations on materials for aircraft, is enabled to keep 

in close touch with research in this field of aircraft development. 

Much of the research, especially in the development of light alloys, must necessarily be con¬ 

ducted by the industries interested in the particular development, and both the Aluminum Co. 

of America and the American Magnesium Corporation are represented on the committee. In 

order to cover effectively the large and varied field of research on materials for aircraft three 

subcommittees were formed, as follows: 

Subcommittee on metals (Dr. G. K. Burgess, chairman). 

Subcommittee on woods and glues (Prof. H. L. Whittemore, chairman). 
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Subcommittee oil coverings, dopes, and protective coatings (Mr., Henry A. Gardner, 

chairman). 
Most of the research in connection with the development of materials for aircraft is financed 

directly by the Bureau of Aeronautics of the Navy Department and the engineering division 

of the Army Air Service. 
The Bureau of Aeronautics and the engineering division of the Army Air Service in connec¬ 

tion with the operation of tests in their own laboratories apportion and finance research problems 

on materials for aircraft to the Bureau of Standards, the Institute of Industrial Research and 

the Forest Products Laboratory. 
SUBCOMMITTEE ON METALS. 

General._The research work of the metallurgical division of the Bureau of Standards dur¬ 

ing the past year has not been as directly associated with aircraft problems as in the preceding 

years, although many of the investigations carried out are indirectly related to aircraft 

problems. 
The work of developing steel springs for aeronautic instruments with particular reference 

to the development of precision altimeters has been continued. A report cooperative with the 

aeronautic instrument section of the bureau on “Precision Altimeter Design’' has been issued 

(Report No. 126), “Altitude Instruments,” National Advisory Committee for Aeronautics). 

The study of the physical properties of the A. S. T. M. tentative standard white-metal bear¬ 

ing alloys is of particular value in engine design. This work was reported at the June meeting 

of the A. S. T. M. 
A considerable number of failed or defective parts of aircraft material have been examined 

to determine the causes and reports submitted. This is illustrated by studies which were made 

of duralumin shapes from an all-metal seaplane which showed surface markings. A comparative 

study was also made of two grades of duralumin sheet, one of which welded satisfactorily and 

the other showing cracks adjacent to the weld. 

An investigation is at present in progress to study the resistance to corrosion of various 

sheet metals, suitable for fuel tanks, by various blended airplane-engine fuels. 

The general study of corrosion of steels which is in progress is indirectly associated with 

aircraft design. 

Other work in the division indirectly related to aircraft design which may be stated is: 

Wear of steels and other metals. 

Revision of Circular 76 on “ aluminum and its Light Alloys.” 

Revision of Circular 80 on “ Protective Metallic Coatings for Rust-proofing of Iron and 

Steel.” 

Light alloys.—The committee has been particularly interested in the tests on sheet duralumin, 

including both tensile impact and flexural fatigue tests. One meeting of the committee was 

held at the Bureau of Standards to witness the methods of conducting the tests and also to 

witness the test on a full-sized duralumin girder of the Navy airship ZR-1. 

A comprehensive series of tests on sheet duralumin is being carried out by the Bureau of 

Standards for the Bureau of Aeronautics, Navy. These include tensile tests, tensile-impact tests, 

tensile-impact fatigue, and flexural-fatigue tests. Of this series of tests probably the flexural- 

fatigue tests are the most important since there is comparatively little published information 

concerning the fatigue characteristics of duralumin. Flexural-fatigue tests of sheet duralumin 

were chosen in preference to rotating beam or pure tensile-fatigue tests because it was desired 

to test the material as nearly as possible in the condition in which it is most used. After a 

number of tentative machines had been built and tried out four machines were constructed which 

have given satisfactory results. Because of the lightness of the sheet material to be tested the 

design of these machines has required care in the details of the design involving a study of the 

free periods of vibration of all the moving parts in order to make it possible to i un the machines 

at reasonable speeds without the appearance of distributing resonant vi lations. In their 

final form the machines are running at speeds of 350 alternations of stress per minute for the 

thinnest material (0.02") up to about 1,200 alternations per minute foi the thickest material. 

1 
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The results so far obtained are very consistent and show no appreciable difference in the 

fatigue resistance of the various thicknesses of material tested up to 50,000,000 alternations at 

about 18,000 pounds per square inch maximum fiber stress. There is no indication of the 

existence of an endurance limit such as was indicated by Professor Moore’s test on steel. This 

result is consistent with information informally received of tests in progress at McCook Field 

with the rotating beam machines. It is planned to carry this series of tests consistently for all 

thicknesses of material to 100,000,000 alternations of stress. Because of the limited number of 

machines available and the necessity of running the thinner materials at relatively low speeds 

these tests will necessarily take considerable time for completion. Further investigation is 

desirable to see whether it is possible to develop methods of fatigue testing which can be run 

at much higher speeds. It would also be highly desirable to see whether the Strohmeyer rise 

of temperature method and the Smith deflection method can in any way be correlated with the 

fatigue resistance of duralumin, since a short method of estimating the fatigue resistance of 

materials is urgently needed. 

Tests on duralumin girders.—Tests on 200 duralumin girders, duplicates of those being used 

in the construction of the new airship ZR-1, and including a number of especially designed 

girders, have been tested at the Bureau of Standards for the Bureau of Aeronautics, Navy 

Department. These girders have been tested as pin-ended columns under axial loads, axial 

loads combined with uniformly distributed lateral loads, and as beams under lateral loads alone. 

The strength of the girders, as shown by these tests, has in no case been lower and in many 

cases higher than the strength of similar girders constructed abroad for which test results are 

available. The material from which they are manufactured is of higher strength and more uniform 

in quality than samples of German girders which have been available for test. The design of the 

girders is such that the failure in all cases has been due to flexure within elastic limit and conse- 

quently the strength of the girders is determined wholly by the modulus of elasticity of the 
material and the geometrical dimensions. The geometrical dimensions of the girders have 

been accurately controlled in manufacture so that check results on duplicate girders have 

been very consistent. 

SUBCOMMITTEE ON COVERING, DOPES, AND PROTECTIVE COATINGS. 

Extensive investigations have been carried on in connection with the development of 

fabrics, dopes, and protective coatings at the Bureau of Standards and at the Institute of 

Industrial Research, the latter under the direction of Mr. H. A. Gardner. The investigations have 

largely been instituted and financed by the Bureau of Aeronautics, Navy Department. 

Gas cell fabric and dopes.—The investigation in connection with a possible substitute for 

goldbeater’s skin has been continued. A great number of different fabrics have been devised 

for this purpose and extensive tests have been carried out to determine their weathering proper¬ 

ties, gas-holding properties, strength, etc. The results to date indicate that the materials 

proposed for this purpose may also be used on the outer cover cloth of rigid airships and on the 

envelopes of nonrigid airships. It is believed that the weight of the fabrics now used on non- 

rigid air ships can be reduced about 50 per cent. The most promising type of substitute for 

goldbeater’s skin is that devised by H. A. Gardner and is now under further investigation, the 

Bureau of Standards cooperating in this latter investigation. 

Certain combinations of rubber and tung-oil varnishes have been found to have low permea¬ 

bility and, to date, have shown satisfactory durability. The varnish may or may not contain 

pigments or metallic fillers. The minimum allowable weights of each material used are being 

determined at present, as well as the effect of each in reducing permeability to oxygen and 

helium. 

Experimental work is being continued in order to determine the proportions of rubber and 

tung-oil varnish necessary to insure flexibility and low permeability at low temperatures. A 

study of adhesives suitable for attaching goldbeater’s skin to fabrics is being made. 

A large number of tests have been made in the development of acetate and nitrate dopes, 
balloon fabric dopes, etc. 
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The new solvents of cellulose acetate have an elevated boiling point, and may be used as 

“high boilers” in acetate dopes for all types of aircraft. 

At the last meeting of the materials committee a report on acetate dope was presented and 

a substitute for Navy Department aeronautical specification No. 1-A was recommended to the 

executive committee for adoption. The new specification has been so revised as to prevent dis¬ 

putes over various patented plasticizing agents which have previously been used. 

Investigations have been continued upon paints, aluminum, and other protective coats for 

fabrics, duralumin, and other metal parts of seaplanes. 

SUBCOMMITTEE ON WOODS AND GLUES. 

The Forest Products Laboratory of the Department of Agriculture conducts practically 

all investigations on the application of woods and glues to aircraft construction. Most of the 

investigations are undertaken at the request of the Bureau of Aeronautics, Navy, or the engineer¬ 

ing division of the Army Air Service. The following are some of the more important investiga¬ 

tions that have been reported by the subcommittee. 

The effect of isolated factors on seasoning.—The Forest Products Laboratory has completed 

during the past year four special drying chambers for this project and a number of drying 

runs on birch were made. A number of previous dry-kiln runs on ash were reanalyzed and a 

report prepared. A preliminary analysis of the results secured indicates a very high drying 

rate at low temperatures and low humidities coupled with great uniformity of drying and the 

absence of the warping and twisting which would ordinarily be expected. 

Causes of hrashness of wood.—The preliminary work carried out has shown in the 

case of spruce, at least, that the thickness of the cell walls is no criterion as to brashness. 

So far none of the physical characteristics seem to have a definite bearing upon the 

solution of the problem. However, in the material examined there was very definite 

evidence that the brashness (beyond that expected of normal material) was caused by the 

presence of decay. This tentative conclusion is of tremendous importance, and it should be 

followed up consistently with various other species, especially with microchemical stains, and 

otherwise to determine the extent to which it is applicable. If the preliminary , conclusions are 

substantiated, it would also be desirable to develop shop methods for the detection of decay. 

Development of waterproof glues.—The work of the past year has been mainly upon blood 

albumen glue and upon a number of new materials not previously studied, such as pyroxylin 

cements, rubber compounds, and natural gums and resins. The latter work has not been of an 

intensive character, but was more in the nature of prospecting work to see if these materials 

had possibilities. Little work was done on casein glue. 

The investigation in connection with glues includes a further study of the sizing of glued 

joints to test the efficiency of the specimen and a study of the variation of pressure and tem¬ 

perature on glued joints, and a study of the properties of commercial waterproof glues. 

TJse of plywood in wing beams.—The investigation of the use of plywood in this connection 

has been continued, as it is recognized that plywood has a number of advantages over ordinary 

wood for use as wing ribs or cheek pieces in wing beams. The data on sheer strength and plywood 

indicate the desirability of using this material for wing beams with the face grain at an angle 

of about 45° to the length of the beam. Tests on one type of box beam have been made and the 

work is now under way to a second type of uniform section. 

Development of metal tips to propeller blades.—The work has covered studies on the attach¬ 

ment of brass and monel metal to four species of wood with various sizes of screws. Tests were 

made on the holding power of individual screws countersunk to various depths and soldered 

flush with the surface as in recommended tipping practices. These data have furnished an 

indication of the proper depth of countersinking to afford maximum holding power of the 

screw. The analysis of the data and preparation of a report on work thus far accomplished was 

completed June 30, 1922. 

Influence of stains, molds, and decay on properties of wood.—It is very evident and gen¬ 

erally recognized that decay in advanced stages may reduce the mechanical properties of wood 
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to such an extent as to make it unfit for all strength purposes. However, the extent to which 

incipient decay can be tolerated, if at all, has not been studied in detail. Such a study pre¬ 

sents an exceedingly important, and at the same time very difficult and complicated problem, 

involving as it does, a thorough study of the fungi, the conditions leading to infection, the effect 

of kiln drying on the life of the fungi, the chemical changes brought about by fungous action, 

supplemented by studies of the influence of fungous infection on the mechanical properties. 

Preliminary tests indicate that ordinary kiln processes destroy some borers and inhibit the 

growth of various fungi, but these tests are not broad enough nor exclusive enough to be 
considered final. 

Determination of fundamental design factors in lattice, truss, and 'plywood forms, with special 

reference to wing-rib design.—It is intended that this study should afford general data estab¬ 

lishing, without the need of further test, the most effective type of construction for wing ribs 
of any given airfoil and chord length. 

Tests on many types of wing ribs, with the modifications and improvements that have 

followed, have given some information of value in the design of wing ribs in general. But 

before it will be possible to select the proper type of rib for use in a given case and to design 

highly efficient members without test, it will be necessary to make a fundamental study on 
standard forms. 

PRELIMINARY REPORT OF SPECIAL COMMITTEE ON DESIGN OF AIRSHIP ZR-1. 

At the request of the Bureau of Aeronautics of the Navy Department, the National Ad¬ 

visory Committee for Aeronautics appointed a special subcommittee to examine and report 

on the design and construction of Navy fleet airship No. 1, known as the ZR-1. The com¬ 

mittee was organized as follows: 

Dr. Henry Goldmark, New York City, chairman. 

Prof. William Hovgaard, Boston. 

Dr. L. B. Tuckerman, Bureau of Standards. 

Dr. Max M. Munk, National Advisory Committee for Aeronautics. 

Mr. W. Watters Pagon, Baltimore, secretary. 

The first meeting was held in Washington, June 19, 1922, and was called to order by 

Rear Admiral D. W. Taylor, United States Navy, then acting chairman of the executive com¬ 

mittee. The committee has held a total of 15 meetings up to November 4, 1922. On that 

date the chairman of the special committee submitted the following preliminary summary of 
the committee’s findings: 

The final report will show that the committee has formed a favorable opinion of the 

design of the ZR-1. It is agreed that in its design all available information on the subject 

has been applied and that the engineers in charge have used good judgment throughout. The 

committee approves the policy of basing the fundamental design largely upon that of a suc¬ 

cessful airship, using the detailed computations as a check upon its strength. The airship 

selected as a prototype is the German dirigible L-^9, which embodies the experience obtained 

in the construction and operation, through a period of over 10 years, of fully 100 successful 

airships. The calculations which were made are fuller and more detailed than any the com¬ 

mittee has found on record elsewhere. 

In reaching its conclusions, the committee has considered all elements of design and con¬ 

struction. It has inquired into the quality of the structural materials used and into the methods 

of construction and finds them satisfactory. Full-sized tests of over 200 typical girders demon¬ 

strated that the girders meet the design requirements as to strength. The committee has 

studied all the methods in use for computing the stresses in rigid airships, and is satisfied that 

the methods used in the design of the ZR-1 are sufficiently accurate. The aerodynamic forces, 

i. e., those exerted by the surrounding air during flight, as to which but little definite information 

has hitherto been available, were made the subject of special study. The valuable results 
obtained wnre used in the investigation of the design. 

The committee has further studied the records of rigid airships built in the past. The 

only known case of a disastrous accident due to structural failure in flight is that of the British 
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airship R-38 (ZR-2). The reasons for this failure have not, in the opinion of the committee, been 

definitely established. The committee has compared the design of the ZR-1 with that of the 

R-38 from every point of view. Comparative stress calculations indicate that the ZR-1 is 

measurably stronger. Certain possible causes other than lack of structural strength for the 

failure of rigid airships, have been considered, and the committee feels satisfied that in design of 

the ZR-1 careful provision has been made to guard against them. 

The committee has also examined the prescribed program of tests and trials which are to 

be carried out before the airship is put into service, and feels that the full execution of this 

series of scientific tests will furnish a great additional assurance of successful service. 

INTERNATIONAL STANDARDIZATION OF WIND-TUNNEL RESULTS. 

During the past year, the committee has entered into an agreement with the Aeronautical 

Research Committee of Great Britain, through the National Physical Laboratory, to arrange 

for the conduct of certain definite tests in the wind tunnels of the world. The tests are to be 

made on standard airfoil and airship models which have been designed and constructed by the 

National Physical Laboratory. The National Advisory Committee for Aeronautics undertook 

to arrange for the tests in the wind tunnels of the United States. In September, 1922, the 

committee received from the National Physical Laboratory two airship models for comparative 

tests. The models have been tested under the direction of Dr. A. F. Zahm, at the aeronautical 

laboratory of the Washington Navy Yard. 

The National Advisory Committee has further authorized the testing of standard models 

in the United States, the models consisting of three cylinders, having length-diameter ratios 

of 5 to 1, and four models of U. S. A. 16 wing section, each having an aspect ratio of 6 and the 

length varying from 18 to 36 inches. The tests on both cylinder models and wing models are 

to be made over as wide a range of V/L as possible, and to include determinations of lift, drag, 

and pitching moments every 4° from - 4° to + 20°. The streamline airship models to be tested 

will have the proportions of the Navy “C’’ class airship described in a recent report of the 

Washington Navy Yard wind tunnel. Four streamline airship models, of 4, 6, 9, and 12 inches 

diameter, respectively, are to be tested, and are to be supported by spindles of lenticular form, 

the least diameter of spindle being one-twentieth the diameter of the model, and the fineness 

ratio of the spindle being 3. After completion of the tests in the wind tunnels of the United 

States, the models will be sent to laboratories in European countries and in Canada for test. 

TECHNICAL PUBLICATIONS OF THE COMMITTEE. 

The committee on publications and intelligence has recommended the publication of 26 

technical reports to be included in the eighth annual report. A summary of the technical 

reports published in the eighth annual report follows. The reports cover a wide range of sub¬ 

jects on which research has been conducted under the cognizance of the various subcommittees, 

each report having been approved by the subcommittee concerned and recommended to the 

executive committee for publication. Ihe technical reports presented represent fundamental 

research in aeronautics carried on at different aeronautical laboratories in this country, includ¬ 

ing the Langley Memorial Aeronautical Laboratory, the aeronautical laboratory at the Wash¬ 

ington Navy Yard, the Bureau of Standards, the United States Weather Bureau, the Forest 

Products Laboratory, the Stanford University, and the Massachusetts Institute of Technology. 

Considei able technical information is obtained by the committee that is of immediate 

interest to those interested in experimental and research problems in connection with aero¬ 

nautics. To make this information immediately available, the National Advisory Committee 

for Aeronautics has authorized the committee on publications and intelligence to issue a series 

of Technical Notes. In accordance with this authorization, the committee has issued 58 

technical notes on subjects that were of immediate interest not only to research laboratories 

but also to airplane manufacturers. A list of the technical notes issued during the year follows 
the general summary of the technical reports. 
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The first animal report of the National Advisory Committee for Aeronautics contained 
Technical Reports Nos. 1 to 7; the second annual report, Nos. 8 to 12; the third annual report, 
Nos. 13 to 23; the fourth annual report, Nos. 24 to 50; the fifth annual report, Nos. 51 to 82; 
the sixth annual report, Nos. 83 to 110; the seventh annual report, Nos. Ill to 132, and since the 
the preparation of the seventh annual report the committee has issued the following technical 
reports, Nos. 133 to 158. 

Report No. 133, entitled “ The Tail Plane,” by Max M. Munk, National Advisory Committee 
for Aeronautics.—This report deals with the calculation of the equilibrium, statistical stability, 
and damping of the tail plane. The author has simplified the present theory of longitudinal 
stability for the particular purpose of obtaining one definite coefficient characteristic of the 
effect of the tail plane. 

This coefficient is obtained by substituting certain aerodynamic characteristics and some 
dimensions of the airplane in a comparatively simple mathematical expression. Care has been 
taken to confine all aerodynamical information necessary for the calculation of the coefficient 
to the well-known curves representing the qualities of the wing section. This is done by making 
use of the present results of modern aerodynamics. All formulas and relations necessary for the 
calculation are contained in the paper. They give in some cases only an approximation of the 
real values. An example of calculation is added in order to illustrate the application of the 
method. 

The coefficient indicates not only whether the effect of the tail plane is great enough, but 
also whether it is not too great. It appears that the designer has to avoid a certain critical 
length of the fuselage, which inevitably gives rise to periodical oscillations of the airplane. The 
discussion also shows the way and in what direction to carry out experimental work. 

Report No. 134, entitled “ Performance of Maybach 300-Horsepower Airplane Engine,” by 
S. W. Sparrow, Bureau of Standards.—This report contains the results of a test made upon a 
Maybach engine in the altitude chamber of the Bureau of Standards, where controlled condi¬ 
tions of temperature and pressure can be made the same as those of the desired altitude. 

The results of this test lead to the following conclusions: From the standpoint of thermal 
efficiency the full-load performance of the engine is excellent at densities corresponding to 
altitudes up to and induing 15,000 feet. The brake mean effective pressure is rather low 
even at wide-open throttle. This tends to give a high weight per horsepower, inasmuch as 
the weight of many engine parts is governed bv the size rather than the power of the engine. 
At part load the thermal efficiency of the engine is low. Judged on a basis of performance 
the engine’s chief claim to interest would appear to lie in the carburetor design, which is largely 
responsible for the excellent full-load efficiency and for its poor part-load efficiency. 

Report No. 135, entitled “ Performance of B. M. W. 185-Horsepower Airplane Engine,” by 
S. W. Sparrow, Bureau of Standards.—This report deals with the results of a test made upon 
a B. M. W. engine in the altitude chamber of the Bureau of Standards, where controlled 
conditions of temperature and pressure can be made to simulate those of the desired altitude. 

A remarkably low value of fuel consumption—0.41 pound per b. h. p. hour—is obtained 
at 1,200 revolutions per minute at an air density of 0.064 pound per cubic foot and a brake 
thermal efficiency of 33 per cent and an indicated efficiency of 37 per cent at the above speed 
and density. In spite of the fact that the carburetor adjustment does not permit the air-fuel 
ratio of maximum economy to be obtained at air densities lower than 0.064, the economy is 
superior to most engines tested thus far, even at a density (0.03) corresponding to an altitude 
of 25,000 feet. 

The brake mean effective pressure even at full throttle is rather low. Since the weight of 
much of the engine is governed more by its piston displacement than by the power developed, a 
decreased mean effective pressure usually necessitates increased weight per horsepower. The 
altitude performance of the engine is, in general, excellent, and its low fuel consumption is 
the outstanding feature of merit. 
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Report No. 186, entitled “Damping Coefficients Due to Tail Surfaces in Aircraft,” by 

Lynn Chu, Massachusetts Institute of Technology, condensed and modified by Edward P. 

Warner.—The object of the investigation described in this report was to compare the damping 

coefficients of an airfoil as calculated from a knowledge of the static characteristics of the 

section with those obtained experimentally with an oscillation. The damping coefficients so 

obtained, according to the conventional notation, can be considered either as due to pitching 

or as due to yawing, the oscillation in these experiments being so arranged that the surfaces 

oscillate about a vertical axis. This is in reality the case when the influence is yawing about 

the standard Z-axis, but it can also be considered as a pitching motion when the model is so 

rigged that its standard Y-axis becomes vertical. This horizontal oscillation has the advantage 

of eliminating the gravity action and avoiding the use of counterweights, whose presence in 

the wind tunnel is undesirable because of their interference with the air flow. The real point 

of the investigation was to separate the damping due to rotation from that due to translation. 

By varying the distance between the center of pressure and the center of rotation on the 

oscillator, the variation of damping moment can be observed and the rotational and translational 

effects can be separated. 
The report is presented in three parts: 

Part I. “Theoretical Damping Coefficients.” 

Part II. “Experimental Damping Coefficients.” 

Part III. “Comparison of Calculated and Experimental Damping Coefficients.” 

Report No. 137, entitled “Point Drag and Total Drag of Navy Struts No. 1 Modified,” 

by A. F. Zahm, R. H. Smith, and G. C. Hill, Bureau of Construction and Repair, United States 

Navy.—This report deals with the results of tests on struts conducted at the Washington Navy 

Yard. Two models of the modified Navy strut, No. 1, were tested in the 8 by 8 foot wind tunnel. 

The tests were made to determine the total resistance end effect and the pressure distribution 

at various wind-tunnel speeds with the length of the strut transverse to the current. Only the 

measurements made at zero pitch and yaw are given in this report. 

Report No. 138, entitled “ The Drag of C Class Airship Hull with Varying Length of Cylindric 

Midships,” by A. F. Zahm, R. H. Smith, and G. C. Hill, Bureau of Construction and Repair, 

United States Navy.—A model of the C class airship hull, when severed at its major section and 

provided with a cylindric mid-body of variable length, had its air resistance increased about in 

proportion to the length of the mid-body up to 3 diameters, and in about the manner to be ex¬ 

pected from the increase of skin friction on this variable length. For greater length the drag 

increased less and less rapidly. 

As usual for such models, the drag for any fixed length, at 20 to 60 miles an hour, is accurately 

of the parabolic form R aVn; and hence the drag coefficient is of the hyperbolic formC a Vn-2, 

where n is slightly less than 2. 

The variation of C with length is stated in the conclusion. 

Report No. 139, entitled “Influence of Model Surface and Air Flow Texture on Resistance 

of Aerodynamic Bodies,” by A. F. Zahm, Bureau of Construction and Repair, United States 

Navy.—This report is an analysis of the resistance equation 

D = p L2V2f 

It is shown that the expression f applies only to a special case of uniform air flow and 

model surface texture. In order to obtain comparable results under various conditions it is 

necessary to use a more general form of the resistance equation, such as 

D = p L2V2f 
/VL l v V V2\ 

1/l’V’ a* Lg/ 

in which ^ is a measure of the model surface texture, and ^ a measure of the air flow texture. 

These two functions have particular application in the comparison of tests from different aero¬ 

dynamical laboratories. 
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Report No. 140, entitled “Lift and Drag Effects of Wing-Tip Rake,” by A. F. Zahm, R. M. 

Bear, and G. C. Hill, Bureau of Construction and Repair, United States Navy.—This report deals 

with a description and report of tests carried out at the Washington Navy Yard on models of 

the RAF-6, Albatross and Sloane airfoils to determine the effectiveness of the conventional wing- 

tip rake in improving airfoil characteristics. Two degrees of rake were tested on each model; the 

trailing edge being always longer than the leading edge. The results are compared with the 

values computed by standard formulae in use at the time the tests were conducted. 

Report No. 141, entitled “Experimental Research on Air Propellers, V,” by W. F. Durand 

and E. P. Lesley, Stanford University.—In the previous reports on experimental research on 

air propellers, by W. F. Durand and E. P. Lesley, as contained in the National Advisory Com¬ 

mittee for Aeronautics Reports Nos. 14, 30, and 64, the investigations were made progressively 

and each without reference to results given in preceding reports and covering only information 

relating to forms perhaps adjacent in geometrical form and proportion. The report on 

“Experimental Research on Air Propellers, V,” is a review of the entire series of results of the 

preceding reports with a view of examining through graphical and other appropriate means 

the nature of the history of the characteristics of operation as related to the systematic variation 

in characteristics of forms, etc., through the entire series of such characteristics. In reviewing 

the results a check was made of doubtful points by repetition of tests, to remove inconsistencies 

where found, and generally to develop for the series of models represented by these tests a 

consistent set of results as judged by the relation of those for any one model to those for all 

models adjacent in geometrical form and proportion. The report presents the results of this 

general analysis and review of the previous series of experimental observations. There is also 

added a series of nomographic diagrams for the rapid graphical solution of the problems such 

as are considered in the report. The diagrams have been prepared for both metric and 

English units. 

Report No. 14®, entitled “General Theory of Thin Wing Sections,” by Max M. Munk, 

National Advisory Committee for Aeronautics.—In this report Doctor Munk has developed a sim¬ 

ple method of calculating the air forces to which thin wings are subjected at small angles of attack, 

if their curvature is not too great. Two simple integrals are the result. They contain only 

the coordinates of the wing section. The first integral gives the angle of attack at which the 

lift of the wing is zero, the second integral gives the moment experienced by the wing when its 

angle is zero. The two constants thus obtained are sufficient, to determine the lift and moment 

for any other angle of attack. This refers primarily to a two-dimensional flow in a nonviscous 

fluid. However, in combination with the theory of the aerodynamical induction, and with 

our empirical knowledge of the drag due to friction, the results are valuable for actual wings 

also. A particular result obtained is the calculation of the elevator effect. The following is 

an outline of the subject as treated in this report: 

I. Introduction. 

II. Calculation of the elevator effect. 

III. General formula for any section. 

IV. Examples of the zero angle. 

Y. Thin sections with upper and lower boundaries. 

YI. The moment coefficient. 

VII. Examples of the moment coefficient. 

VIII. Table of the sections investigated. 

Report No. 143, entitled “Analysis of Stresses in German Airplanes,” by Wilhelm Hoff, 

Deutsche Versuchsanstalt fur Luftfahrt.—This report contains an account of the origin of the 

views and fundamental principles underlying the construction of German airplanes during 

the war. The report contains a detailed discussion of the aerodynamic principles and their 

use in determining the strength of airplanes, the analysis of the strength qualities of materials 

and in the construction, the calculated strength of air flows and a description of tests made in 

determining the strength of airplanes. 

53006—23-4 
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Report No. 144, entitled “The Decay of a Simple Eddy,” by H. Bateman, California Institute 

of Technology.—The principal result obtained in this report is a generalization of Taylor’s 

formula for a simple eddy. The discussion of the properties of the eddy indicates that there 

is a slight analogy between the theory of eddies in a viscous fluid and the quantum theory of 

radiation. Another exact solution of the equations of motion of a viscous fluid yields a result 

which reminds one of the well-known condition for instability in the case of a horizontally 

stratified atmosphere. 
Report No. 145, entitled “Internal Stresses in Laminated Construction,” by A. L. Heim, 

A. C. Knauss, and Louis Seutter, Forest Products Laboratory.—This report reviews the pro¬ 

cedure employed in an investigation of the sources and influence of internal stresses in laminated 

construction, and discusses the influence of shrinkage and swelling stresses caused by atmos¬ 

pheric conditions upon the tensile strength across grain in laminated construction with special 

reference to airplane propellers. 

The investigation covered three sources of internal stress, namely, the combination of 

plain-sawed and quarter-sawed material in the same construction, the gluing together of lamina¬ 

tions of different moisture contents, and the gluing together of laminations of different densities. 

Glued specimens and free specimens, made up under various manufacturing conditions, 

were subjected to various climatic changes inducing internal stresses and then were tested. 

The strength of free unstressed pieces served as a standard of comparison for glued pieces ^nd 

indicated what internal stresses were developed in the glued construction. 

The following recommendations as to propeller specifications are made for the species 
studied: 

1. That all propellers be covered with aluminum leaf coating or other approved finish 

which will prevent, so far as possible, any gain or loss in moisture content of the propeller. 

2. That for the most extreme conditions of service propellers be made entirely of quarter- 

sawed material. 

3. That for moderate conditions of service propellers made entirely from plain-sawed stock 

be permitted, provided they are well protected against moisture change. 

4. That for species in which the ratio of radial to tangential shrinkage exceeds 0.75 the 

mixing of plain-sawed and quarter-sawed stock be permitted in propellers for moderate service, 

provided that they are well protected against moisture change. 

5. That all propeller stock be allowed to come to equilibrium under fixed conditions of 

temperature and relative humidity before gluing. 

6. That density specifications be such as to eliminate all brash material, but not to require 
matching for density. 

7. That moisture content of wood, gluing conditions, and protective coating be such that 

the moisture content of the propellers will not exceed 15 per cent at any time. Beyond this 

point animal glue is not likely to give satisfactory results. 

Report No. 146, entitled “The Six-Component Wind Balance,” by A. F. Zahm, Bureau of 

Construction and Repair, United States Navy.—Dr. Zahm’s report is a description of the six- 

component wind-tunnel balance in use at the aerodynamic laboratory, Washington Navy Yard. 

The description of the balance gives the mechanical details and the method of operation, 

and is accompanied by line drawings showing the construction of the balance. The balance is 

of particular interest, as it allows the model to be set up quickly and accurately in roll, pitch, 

and yaw, without stopping the wind. It is possible to measure automatically, directly, and 

independently the drag, cross-wind force, and lift; also the rolling, pitching, and yawing mo¬ 

ments. It is also possible to make the balance self-recording. 

Report No. 147, entitled “Standard Atmosphere,” by Willis Ray Gregg, United States 

Weather Bureau. This report was prepared at the request of the National Advisory Com¬ 

mittee for Aeronautics and discusses the need of a standard set of values of pressure, tempera¬ 

ture and density at various altitudes and points out the desirability of adopting such values as 

are most in accord with actual average conditions, in order that corrections in individual cases 

maybe as small as possible. To meet this need, so far as the United States is concerned, all 
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free-air observations obtained by means of kites and balloons at several stations in this country 

near latitude 40° N., have been used, and average values of pressure, temperature, and density, 

based upon those observations, have been determined for summer, winter, and the year, and 

for ail altitudes up to 20,000 meters (65,000 feet). These values are presented in tables and 

graphs in both metric and English units; and in the tables of densities there are also included 

values of density for other parts of the world, more particularly for Europe. A comparison 

with these values shows that, except in the lowest levels, the agreement is very satisfactory. 

A further comparison with values of density determined from Toussaint’s law of temperature 

decrease, t=15 —.0065z, in which t is the temperature in °C, and z the altitude in meters, 

indicates very good agreement with those values up to 10 kilometers. It is therefore recom¬ 

mended that the United States adopt Toussaint’s formula for values of density up to 10 kilo¬ 

meters and the values presented in the tables for all higher altitudes. 

Report No. 148, entitled “The Pressure Distribution over the Horizontal Tail Surfaces of 

an Airplane, III,” by F. H. Norton and W. G. Brown, Langley Memorial Aeronautical Labora¬ 

tory.—This report contains the results of an investigation of the distribution of pressure over 

the tail surfaces of a full-sized airplane during accelerated flight for the purpose of determining 

the magnitude of the tail and fuselage stresses in maneuvering. 

As the pressures to be measured in accelerated flight change in value with great rapidity, 

it was found that the liquid manometer used in the first part of this investigation would not be 

at all suitable under these conditions; so it was necessary to design and construct a new 

manometer containing a large number of recording diaphragm gauges for these measurements. 

Sixty openings on the tail surfaces were connected to this manometer and continuous records 

of pressures for each pair of holes were taken during various maneuvers. There were also 

recorded, simultaneously with the pressures, the normal acceleration at the center of gravity 

and the angular position of all the controls. 

The present investigation consisted in measuring on a standard rigged JN4H airplane the 

distribution of pressure over the whole of the horizontal tail surfaces while the airplane was 

being put through maneuvers as violently as it was thought safe, including spinning and 

pulling out of dives. 

Report No. 149, entitled “Pressure Distribution over the Rudder and Fin of an Airplane 

in Flight,” by F. H. Norton and W. G. Brown, Langley Memorial Aeronautical Laboratory.— 

This investigation was carried out by the National Advisory Committee for Aeronautics at the 

Langley Memorial Aeronautical Laboratory for the purpose of determining the loads which 

occur on the vertical tail surfaces in flight. The method consisted in measuring the pressures 

simultaneously at 28 points on the rudder and fin by means of a recording multiple manometer. 

The results show that the maximun load encountered was 7 pounds per square foot on the 

rudder and fin, and it is probable that this might rise to 10 pound per square foot in a violent 

barrel roll; but in steady flight the average loads do not exceed 0.6 pound per square foot. 

The maximum load on the rudder and fin may occur at the same instant as the maximum load 

on the horizontal tail surfaces and the maximum normal acceleration. The torsional moment 

about the axis of the fuselage due to the rudder and fin may rise as high as 250 foot-pounds. 

The results obtained from this investigation have a direct application to the design of the 

rudder, fin, and fuselage. 
Report No. 150, entitled “Pressure Distribution Over Thick Aerofoils—Model Tests,” by 

F. H. Norton and D. L. Bacon, Langley Memorial Aeronautical Laboratory.—Tins investiga¬ 

tion was undertaken by the National Advisory Committee for Aeronautics in order to study 

the distribution of loading over thick wings of various types. The unloading on the wing was 

determined by taking the pressure at a number of holes on both the upper and lower surfaces 

of a model wing in the wind tunnel. The results from these tests show, first, that the distribu¬ 

tion of pressure over a thick wing of uniform section is very little different from that over a 

thin wing; second, that wings tapering either in chord or thickness have the lateral center of 

pressure, as would be expected, slightly nearer the center of the wings; and, third, that wings 

tapering in plan form and with a section everywhere proportional to the center section may 
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be considered to have a loading at any point which is proportional to the chord when compared 

to a wing with a similar constant section. These tests confirm the belief that wings tapering 

both in thickness and plan form are of considerable structural value because the lateral center 

of pressure is thereby moved toward the center of the span. 
Report No. 151, entitled “General Biplane Theory/’ by Max M. Munk, National Advisory 

Committee for Aeronautics.—This report deals with the air forces on a biplane cellule. The 

first part of the report deals with the two-dimensional problem neglecting viscosity. For the 

first time a method is employed which takes the properties of the wing section into consideration. 

The variation of the section, chord, gap, stagger, and decalage are investigated, a great number 

of examples are calculated, and all numerical results are given in tables. For the biplane without 

stagger it is found that the loss of lift in consequence of the mutual influence of the two wing 

sections is only half as much if the lift is produced by the curvature of the section as it is when 

the lift is produced by the inclination of the chord to the direction of motion. 

The second part deals with the influence of the lateral dimensions. This has been treated 

in former papers of the author, but the investigation of the staggered biplane is new. It is 

found that the loss of lift due to induction is almost unchanged, whether the biplane is staggered 

or not. 
The third part is intended for practical use and can be read without knowledge of the first 

and second parts. The conclusion from the previous investigations are drawn, viscosity and 

experimental experience are brought in, and the method is simplified for practical application. 

Simple formulas give the drag, lift, and moment. In order to make the use of the simple 

formulas still more convenient, tables for the dynamical pressure, induced drag, and angle 

of attack are added so that practically no computation is needed for the application of the 

results. 
Report No. 152, entitled “The Aerodynamic Properties of Thick Airfoils,” by F. H. Norton 

and D. L. Bacon, Langley Memorial Aeronautical Laboratory.—This investigation was under¬ 

taken by the National Advisory Committee for Aeronautics as an extension of N. A. C. A. 

Keport No. 75, for the purpose of studying the effect of various modifications in a given wing 

section, including changes in thickness, height of lower camber, taper in thickness, and taper 

in plan form with special reference to the development of thick, efficient airfoils. The 

method consisted in testing the wings in the N. A. C. A. 5-foot wind tunnel at speeds up to 50 

meters (164 feet) per second while they were being supported on a new type of wire balance. 

Some of the airfoils developed showed results of great promise. For example, one wing (No. 81) 

with a thickness in the center of 4.5 times that of the U. S. A. 16 showed both a uniformly 

higher efficiency and a higher maximum lift than this excellent section. These thick sections 

will be especially useful on airplanes with cantilever construction. 

Report No. 153, entitled “Controllability and Maneuverability of Airplanes,” by F. H. 

Norton and W. G. Brown, Langley Memorial Aeronautical Laboratory.—This investigation was 

carried out by the National Advisory Committee for Aeronautics at Langley Field for the 

purpose of studying the behavior of the JNJfh airplane in free flight under the action of its 

controls, and from this to arrive at satisfactory definitions and coefficients for controllability 

and maneuverability. The method consisted in recording the angular velocity about the 

three axes, together with the air speed, control positions, and acceleration. An analysis of the 

records leads to the following results: 

1. Both the maximum angular velocity and maximum angular acceleration are propor¬ 

tional to the displacement of the controls. 

2. Both the maximum angular velocity and maximum angular acceleration for a given 

control movement increase with the air speed, rapidly immediately above the stalling speed, 
then nearly proportional to the speed. 

3. The time required to reach each maximum angular velocity is constant for all air speeds 

and control displacements for a given airplane. 

4. The minimum time required to reverse the direction of an airplane by a steeply banked 

turn is a rough indication of its general maneuverability. 
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5. Doubling the lateral moment of inertia of an airplane increases the time required to 
bank to 90°, with a maximum control angle by only 10 per cent. 

6. Controllability has been defined as applying to the moment produced about the center 
of gravity by the action of the controls, and maneuverability as the resultant motion. 

dL d ]\t 
7. A simple method is described for measuring the controllability coefficients, 

dN • (V mm)2 
and -j-r-j and the maneuverability coefficients t$, td, tip, and --• 

ui-x 9 
These results are of practical value, as they give a quantitative means of measuring air¬ 

plane maneuverability and controllability, which will allow designers to accurately compare 
the merits of different airplanes. 

Report No. 154, entitled “A Study of Taking Off and Landing an Airplane,” by T. Carroll, 
Langley Memorial Aeronautical Laboratory.—This report covers the results of an investigation 
carried on at the Langley Memorial Aeronautical Laboratory of the National Advisory Com¬ 
mittee for Aeronautics for the purpose of discussing the various methods of effecting the take-off 
and the landing of an airplane, and to make a direct analysis of the control movements, the 
accelerations, and the air speeds during these maneuvers. The recording instruments developed 
at the laboratory were used in this test and the records obtained by them were made the basis 
for a comparative study of the two extreme methods of taking off (the tail-high and the tail-low 
methods) and of various types of landings. It is believed that this is the first time that an 
accurate record has been obtained of the movements of the controls during these important 
maneuvers, and the records are of further interest from the fact that they were taken syn¬ 
chronously with records of the air speed and accelerations. 

The records themselves should be of considerable value to a student pilot in enabling him to 
visualize the movements of the controls and the consequent effect upon the air speed and 
acceleration. This opens a very important field for research in the study of the technique of 
piloting, either of student pilots or for the “refresher” courses or other checking up on pilots in 
general. With these instruments it will be possible to obtain records of the maneuvering of any 
pilot in practically any type of airplane, and from the records so obtained any fault or roughness 
can be immediately noted. This can be done not only in the maneuvers of taking off or landing 

but in any sort of straight flight or “stunting.” 
Report No. 155, entitled “A Study of Airplane Maneuvers with Special Reference to Angular 

Velocities,” by H. J. E. Reid, Langley Memorial Aeronautical Laboratory.—This investigation 
was undertaken by the National Advisory Committee for Aeronautics for the purpose of increas¬ 
ing our knowledge of the behavior of the airplane during various maneuvers and to obtain 

-values of the maximum angular velocities and accelerations in flight. The method consisted 
in flying a JN4h airplane through various maneuvers while records were being taken of the 
control position, the air speed, the angular velocity, and the acceleration along the Z-axis. 
The results showed that the maximum angular velocity about the X-axis occurred in a spin 
and amounted to 2.43 radians per second, while about the V-axis the maximum was 0.96 
radians per second in a barrel roll. The maximum angular acceleration about the X-axis of 
— 2.10 radians per (second)2 occurred in a spin, while the maximum about the V-axis was 1.40 
radians per (second)2 when pulling suddenly out of a dive. These results have direct applica¬ 
tion to the design of airplane parts, such as propeller shaft and instruments. 

Report No. 156, entitled “The Altitude Effect on Air Speed Indicators II, by H. N. 
Eaton and W. A. MacNair, Bureau of Standards.—In an investigation described in Report No. 
110 of the National Advisory Committee for Aeronautics, “The Altitude Effect on Air Speed 
Indicators,” it was shown that under certain conditions, particularly for the relatively low- 
speed flight of airships, the viscosity effect was important; but the data obtained were not 
sufficiently accurate to allow a determination of the general law to be made. 

This report describes a more recent investigation, in which the data obtained were suffi¬ 
ciently accurate and complete to enable the viscosity correction to be deduced quantitatively 
for a number of the air-speed pressure nozzles in common use, 
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The report opens with a discussion of the theory of the performance of air-speed nozzles 
and of the calibration of the indicators, from which the theory of the altitude correction is 
developed. Then follows the determination of the performance characteristics of the nozzles 
and the calibration constants used for the indicators. In the latter half of the report the 
viscosity correction is computed for the Zahm Pitot-Venturi nozzles, Army and Navy types, 
which are the most commonly used air-speed nozzles in the United States. It will be found that 
the viscosity correction is far from negligible, since under certain conditions it may amount to 
20 per cent or more of the indicated air speed. Tables and plots are given to enable the read¬ 
ings of Pitot type and Zahm Pitot-Venturi type indicators to be corrected for any atmospheric 
conditions which may be experienced by either heavier-than-air or lighter-than-air craft and 
for air speeds up to approximately 200 miles per hour. Evidence is also adduced tending to 
show that the effect of the compressibility of the atmosphere on the performance of Venturi 
air-speed nozzles is not numerically greater than the corresponding effect on Pitot tubes, and 
can be neglected over the range of flying speeds commonly attained today. 

Report No. 157, entitled “Nomenclature for Aeronautics,” by the National Advisory 
Committee for Aeronautics.—-This “Nomenclature for Aeronautics” was prepared by a special 
conference on aeronautical nomenclature of which Dr. Joseph S. Ames was chairman. The 
conference was authorized by resolution of the executive committee of the National Advisory 
Committee for Aeronautics on January 26, 1922, and the committee officially invited the Chief 
of the Army Air Service, the Chief of the Bureau of Aeronautics of the Navy Department, the 
Director of the Bureau of Standards, the Second Assistant Postmaster General, the Society of 
Automotive Engineers, the American Society of Mechanical Engineers, and the Aeronautical 
Chamber of Commerce to designate representatives to serve on the conference on aeronautical 
nomenclature. This report supersedes all previous publications of the committee on this 
subject. It is published with the intention of securing greater uniformity and accuracy in 
official documents of the Government and in so far as possible in technical and commercial 
publications. 

Report No. 158, entitled “Mathematical Equation for Heat Conduction in the Fins of Air- 
Cooled Engines,” by D. ft. Harper 3d and W. B. Brown, Bureau of Standards.—The problem 
considered in this report is that of reducing actual geometrical area of fin-cooling surface, which 
is, of course, not uniform in temperature, to equivalent “cooling” area at one definite tempera¬ 
ture, namely, that prevailing on the cylinder wall at the point of attachment of the fin. This 
makes it possible to treat all the cooling surface as if it were part of the cylinder wall and 100 
per cent effective. 

The quantities involved in the equations are the geometrical dimensions of the fin, thermal 
conductivity of the material composing it, and the coefficient of surface heat dissipation between 
the fin and the air stream. Several assumptions of a physical nature are thus necessarily in¬ 
volved in making the problem possible of solution. These are set forth in detail, and the limita¬ 
tions which result from them in applying the equations to numerical calculation are carefully 
pointed out. 

An expression for approximate fin effectiveness is developed, based upon simple mathe¬ 
matics and very convenient in form for engineering use. The essence of the paper is an examina¬ 
tion into the magnitude of the errors involved in using this expression without correction and a 
determination of the corrections needed for accurate work. The mathematical expressions in¬ 
volved are quite complicated, including Fourier’s series, super-Fourier’s series, Bessel functions 
ol zero order of two kinds with imaginary arguments, etc. The results of the work are collected 
m grap ical form m a series of charts, so that the design engineer can use the simple formula 
rst developed and apply to it corrections readily read from the charts, thus avoiding entirely 

fl. hicrhor moth nmo ^ J 
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85. Air-Force and Three Moments for F-5-L Flying Boat. By Aeronautics Staff, Construc¬ 
tion Department, Navy Yard, Washington, D. C. 

86. Surface Area Coefficients for Airship Envelopes. By Walter S. Diehl, Bureau of 
Aeronautics, Navy Department. 

87. Hydrostatic Test of an Airship Model. By Aeronautics Staff, Construction Depart¬ 
ment, Navy Yard, Washington, D. C. 

88. Report of Test of Oil Scraper Piston Ring and Piston Fitted with Oil Drain Ploles. By 
Aeronatutical Engineering Laboratory, Navy Yard, Washington, D. C. 

89. The Choice of the Speed of an Airship. By Max M. Munk, N. A. C. Z. 

90. Sylphon Diagrams. Method for Predicting their Performance and Purposes of Instru¬ 
ment Design. By H. N. Eaton and G. H. Keulegan, Bureau of Standards. 

• 91* Notes on Propeller Design—I: The Energy Losses of the Propeller. By Max M. 
Munk, N. A. C. A. 

92. Full-scale Determination of the Lift and Drag of a Seaplane. By Max M Munk' 
N.A.C.A. 

93. The Background of Detonation. By S. W. Sparrow, Bureau of Standards. 
94. Notes on Propeller Design—II: The Best Distribution of Thrust over a Propeller Blade. 

By Max M. Munk, N. A. C. A. 

95. Notes on Propeller Design—III: The Aerodynamical Equations of the Propeller Blade 
Elements. By Max M. Munk, N. A. C. A. 

96. Notes on Propeller Design—IV: General Proceedings in Design. By Max M. Munk, 
N. A. C. A. 

97. N. A. C. A. Control Position Recorder. By F. H. NoTton, N. A. C. A. 

98. Notes on the Design of Latticed Columns Subject to Lateral Loads. By Charles J. 
McCarthy, Bureau of Aeronautics, Navy Department. 

99. Notes on the Standard Atmosphere. By Walter S. Diehl, Bureau of Aeronautics, 
Navy Department. 

10°. Theory of the Slotted Wing. Lecture by A. Betz. Translated from “Berichte und 
Abhandlungen der W issenschaftlichen Gesellschaft fur Luftfahrt,” No 6 1922 Bv 
N. A. C. A. • > • j 

By S. W. Sparrow 101. Comparison Maximum Pressure in Internal Combustion Engines. 
and Stephen M. Lee, Bureau of Standards. 

102. Skin Frictional Resistance of Plane Surfaces in Air. Abstract of recent German 

103 Sirnnl ’lTlth wS* Wal.ter S. Diehl, Bureau of Aeronautics, Navy Department. 
103. Simple Formula for Estimating Airplane Ceilings. By Walter S. Diehl, Bureau of 

Aeronautics, Navy Department. 

104. Notes on Aerodynamic Forces-I. Rectilinear Motion. By Max M. Munk, N. A. C. A. 
05. Notes on Aerodynamic Forces-II. Curvilinear Motion. By Max M. Munk, N. A C A 

Max M. MuTk^NTc. A”068-111- ^ Fo™S AirshiPs' 

107' “ byN. Adal? CUrTe<i FHght' Bj A- Rohrbach- Translated from the 

108. The Use of Multiplied Pressures for Automatic Altitude Adjustments. By Stanwood 
S. Sparrow, Bureau of Standards. 3 oianwooa 

HO The EfficT’ WpngAithElliptf Pkn F°rm- Max M- Munk, N. A. C. A. 

°- Body> and Ground interf~ * 
HI. Str^ss® P™duced on an Airship Flying through Gusty Air. By Max M. Munk, 

m Report on GenJfiv Accelerometer. By H. J. E. Reid, N. A. C. A. 
rid. rteport on General Design of Commercial Aircraft. By Edward P Warner 
114. Supplementary Report on Oil-Scraper Piston Rings. ‘By H. £bcDcweR 
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FINANCIAL REPORT. 

The appropriation for the National Advisory Committee for Aeronautics for the fiscal year 
1922, as carried in the sundry civil appropriation act approved March 4, 1921, was $200,000, 
under which the Committee reports expenditures and obligations during the year amounting 
to $193,859.26, itemized as follows: 
Salaries (including engineering staff). $79, 054. 88 
Wages. 22, 641. 86 
Equipment. 12, 336. 00 
Supplies. 31, 336. 62 
Transportation and communication. 4,167. 89 
Travel. 5,604.56 
Special investigations and reports.  35, 825. 00 
Construction of buildings. 2, 892. 45 

Total.. 193,859.26 

RESEARCH PROGRAM AND ESTIMATES. 

The estimates for the fiscal year 1924, as revised and reduced by the Committee in accord¬ 
ance with request of the Bureau of the Budget, total $353,700. This is the minimum sum 
which will permit of the prosecution of the Committee’s approved research programs. The 
net appropriation for the current fiscal year is $225,600, including $25,000 for increase of com¬ 
pensation to employees and for the erection of a building. The increase requested in the 
appropriation for next year is required for the following projects: 
Operation of new compressed-air wind tunnel. $31, 300 

The Committee’s compressed-air wind tunnel is the only one in existence and was erected at a cost 
of approximately $70,000. It offers an opportunity of obtaining fundamental information not otherwise 
obtainable that will make possible the design and construction of more stable and more efficient aircraft. 

Development of commercial type instruments for determining the controllability, stability, and maneuver¬ 
ability of airplanes. 26, 300 

At the present time new-type airplanes are accepted or rejected by the Army and Navy entirely 
upon reports of personal observation of test pilots. This method is wasteful, as new types in the past 
have been accepted and built in quantities and later proved unsatisfactory. The carrying out of this 
investigation will provide an accurate means of graphically recording the true characteristics of airplanes, 
which will serve to prevent the expenditure of public funds for the quantity production of aircraft that may 
later prove unsatisfactory in service. 

Thorough investigation of the problem of aerodynamic forces on rigid airships. 46, 600 
It is impossible at the present time, on account of lack of knowledge, to accurately measure the loads 

or stresses on a rigid airship in flight. The values now used for the aerodynamic forces are mere assump¬ 
tions, as no investigation has ever been conducted to determine the magnitude of these forces. The 
military services are now engaged in the construction of two large airships. A thorough investigation 
of the aerodynamic forces on these airships is essential, not only to increase their safety in flight, but to 
obtain fundamental knowledge in a way never before attempted, which knowledge is absolutely necessary 
for the successful development of airships. 

Development of a more efficient aircraft engine. 44, 500 
The greatest single need in aeronautics is the development of a more reliable, more economical air¬ 

craft engine. The Committee has conducted a preliminary confidential investigation, from which it is 
convinced that it is possible to develop such an engine using heavy fuel instead of gasoline, and elimi¬ 
nating the ignition system, valves, and valve-operating mechanism, thereby greatly increasing the safety, 

reliability, and economy of aircraft engines. 
Determination of propeller characteristics in free flight. 5,000 

It is not possible, at the present time, with the knowledge available, to design a propeller which will 
give the most efficient operation for any given set of conditions. The selection of an appropriate type of 
propeller for a new type of airplane is largely a matter of cut-and-try. This wasteful method can be 
eliminated by obtaining with a propeller torque dynamometer the actual characteristics of the propeller 
in flight. This information, when tied in with the fundamental information obtained from wind-tunnel 
tests, will make possible a method of designing airplane propellers to obtain maximum efficiency for any 
given condition. 

Total additional funds necessary... 153, 700 

Aeronautics is still in its infancy. No restrictions were placed on its development for 
military purposes by tbe arms conference, which fact alone is sufficient to assure its greater 
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relative importance in future warfare, whether over land or sea. The development of aero¬ 
nautics for civil and commercial purposes as an advance in our civilization is alone sufficient 
to justify the liberal, intelligent support of the Government. The cardinal principle in the 
national aviation policy is the development of civil and commercial aeronautical activities in 
all parts of the country, as the best means of assuring the existence of a healthy, progressive 
aircraft industry, and a reserve of flyers, which are both necessary for national defense in time 
of need. 

To keep pace with military developments abroad, and to hasten the day of practical com¬ 
mercial aviation in this country, more knowledge is necessary on the fundamental problems of 
flight. To curtail or postpone the research programs recommended by the Advisory Committee 
is to deny to the American people necessary knowledge that we are now better organized than 
ever before to obtain, and will definitely mean the retarding of the development of aviation, 
civil and military, even though liberal appropriations be made, as they should be, for the Army, 
Navy, and Postal Air Services. 

By formal resolution the National Advisory Committee for Aeronautics has reaffirmed the 
principle that liberal support of well-directed research is true economy. The Bureau of the 
Budget, after careful consideration of the committee’s estimates, approved four of the five 
items requiring additional funds for the next fiscal year. But the additional amount allowed 
by the Bureau of the Budget for the study of these additional problems is wholly inadequate. 
The committee therefore adheres to its estimate of $353,700 and urges upon the Congress that 
in a well-balanced budget of national expenditures the importance of the development of 
aeronautics for all purposes should be recognized, and that liberal support should be given 
scientific research as the backbone of real progress. 

IMPORTANCE OF SCIENTIFIC INVESTIGATION IN A GENERAL AERONAUTICAL PROGRAM. 

On the occasion of the organization of the National Aeronautic Association in Detroit 
October 11-14, 1922, there was held the first National Air Institute, at which Dr. Joseph S. 
Ames presented a paper on the “ Importance of Scientific Investigation in a General Aeronautical 
Program,” which is here reproduced by the committee: 

Befoie anything can be said on this subject it is essential that we should agree as to what 
is meant by scientific investigation or scientific research. 

First of all, I do not mean the study of costs of manufacture or production by a skilled 
man, however scientific his training is for the purpose. I do not mean the work done by an 
e cienqy expert oi by an economic expert. I do not mean the processes by which an engineer 
impioves the operation of an engine or applies a new material to an old purpose. I prefer to 
limit the use of the words to their original meaning as established in university laboratories for 
physics, chemistry, zoology, etc. 

• ^ j ? scientific research is meant the investigation by trained scientific men in a properly 
equippe a oratory of the fundamental phenomena of nature. The study of why an airplane 
wmg lias hft of how the lifting force is distributed over the wing, of how this distribution is 

aft.ef,e< ^ c anpng the shape of the wing, are all scientific researches. They could not be 
f ,eC G< excePt y trained scientists working under the same conditions as in a physical 
I n hnro t rvuvr 1 J 

M . ° 'eriLTanf a^e construction to-day rests upon the classical experiments of Langley, 
aXu\ 6 -u r1^ Mothers, and Eiffel. The marvelous achievements during the late war 

v ou t ave een impossible without the experimental work done at the National Physical 
a ora ory o reat Britain and at the Gottingen Aerodynamic Laboratory. The underlying 

reason w y so it t c pi ogress has been made in design since the war is that there has been so 
i e added to our knowledge of aerodynamics in recent years, owing to the lack of financial 

suppor given wor o t is kind, not simply in this country but in all the countries of Europe. 

• iR 11 j°nfS1 Grm£ a^ypiogram for the development of aviation the first point to emphasize 
u e nee o s irrmg t e imagination of the people as a whole to make them realize the impor- 

ce o avia ion o t em as individuals; the second point is to make the men already interested 
appreciate t lat all progress depends upon the acquirement of knowledge, of new 
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knowledge. This last can be obtained only by long-continued investigations directed by men 
who know the problems and the methods to be used for their solution. 

“ The experimental work in this country in aerodynamics is placed by Congress in charge 
of the National Advisory Committee for Aeronautics, a committee of 12, consisting of officers 
of the Army and Navy, men at the head of various Government scientific agencies, and pro¬ 
fessional men from civil life. They have organized various technical subcommittees on aero¬ 
dynamics, power plants, and materials. Each of these consists of the leading engineers and 
constructors in the country. Programs of work are arranged and work in progress is dis¬ 
cussed by these subcommittees at their monthly meetings. The main committee has at 
Langley Field, Va., two laboratories, one for aerodynamics and one for power plants; here also 
is its flying station, where experiments upon actual airplanes in flight are performed. For 
the support of this all-important work less than $100,000 is available from the appropriation 
made by Congress. If $500,000 were available each year, it would not be too much. As it 
is, the amount of knowledge gained in the course of a year is not great. Everyone who is able 
to picture the future needs of airplanes must see that this underlying study of fundamental 

principles must be hastened. 
“As General Patrick has said, in a letter to the Bureau of the Budget: 
‘Aeronautics is progressing rapidly and greater technical knowledge is necessary if we 

are to keep pace with developments abroad. Engineering experimentation conducted by the 
Army and Navy, and based upon existing knowledge, will contribute measurably to the general 
development of aviation, but, in my judgment, well directed scientific research, as conducted 
by the National Advisory Committee for Aeronautics, is essential to substantial progress. 
The Army Air Service depends upon the Advisory Committee for the study and solution of the 

more difficult problems.’ 
“And Admiral Moffett, in writing to the same body, says: 
‘Scientific research in aeronautics is essential to the continued development of aircraft 

for naval purposes. The Naval Bureau of Aeronautics relies upon the National Advisory 
Committee for Aeronautics to conduct the necessary investigations on fundamental problems 
and to furnish original information and data not otherwise obtainable. 

‘The increased importance of aircraft in naval warfare is recognized by the General 
Board of the Navy, and plans for the greater development of naval aviation have been approved. 
Unless the National Advisory Committee for Aeronautics has the requisite funds and facilities 
for providing fundamental information, it will not be possible to keep abreast of the develop¬ 

ment of naval aviation in other countries.’ 
“It is not too much to say that all the manufacturers of airplanes in America wait from 

month to month for the information which only the reports from the National Advisory Com¬ 

mittee’s laboratories can give. 
“I shall take three illustrations only of recent researches at Langley Field, so as to make 

clear the bearing of such work upon the practical side of the matter: 
“Every designer and constructor of airplanes must know not simply the total force which 

the wings and each part of the airplane structure may be subjected to in steady flight and in 
maneuvers, but also how this force is distributed—where is the greatest load, how does it vary 
in amount and position in a loop or in a dive, etc. In the same connection, it must be known 
how this distribution of force is affected by changing the shapes of the various parts should, 
for a particular purpose, the wings be square cornered or elliptical, or should they have a rake 
off, etc. All these questions and practically all others that can be asked about similar matters 
can now be answered as the result of the committee’s investigations. Furthermore, the com¬ 
mittee is now prepared to make a complete study of similar problems concerning airships. 
Until this knowledge is available, the construction of airships must be guided by purely empirical 
considerations. 

“Again, when an airplane is completed and ready for its acceptance tests, the method in use 
to-day in this country and also in Europe, is to have the machine flown by one or more test 
pilots. They make a report concerning their impressions; does it respond easily to controls; 
does it feel stable, etc. TheseTare simply'reports of men’s reactions, and may or may not 
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have relation to facts. Furthermore, any pilot’s impression is in reality a mental comparison 
between the machine he is operating and one he is accustomed to and may like. Such a com¬ 
parison is not designed to he favorable to new models or to new devices. The committee has 
constructed an instrument which records photographically the motion of each of the controls 
of an airplane and also simultaneously the effect of such motion. The linear and angular 
velocities and accelerations are obtained from these records, and eveiy question concerning 
the controllability, maneuverability, and stability of the airplane may now be answered defi¬ 
nitely. We have advanced from psychological impressions and guesses to records and facts. 

“Lastly, when a new design of airplane or of an airplane part is made, it is customary to 
construct a model of it, one-twentieth the size or less, and to experiment upon this. The method 
now in universal use is to suspend the model from suitable balances in a stream of air drawn 
through a large tube at a velocity of 60 miles an hour or more. The balances register the forces 
and moments acting on the model. From the results of such measurements one decides whether 
the original design is good or not. But is one justified in making such a decision ? Why should 
the same laws apply to a little model inside the wTind tunnel, as it is called, and to the actual 
airplane flying freely through the air ? Evidently there is ground for grave uncertainty. The 
committee has perfected a method for obviating this. It has been known fiom aerodynamic 
theory for some time that the change in scale, from airplane to its model, could be compensated 
by compressing the air from ordinary pressure to 20 or 25 atmospheres; as the structure moving 
through the air is reduced in size from 50 feet to 2 feet, the molecules of the air are brought, by 
comparison, closer and closer together until their distance apart is one twenty-fifth of what it 
was originally. The effect of change in scale is thus fully compensated and experiments upon a 
model in this compressed air have a real meaning. The committee has constructed a large steel 
tank, 34 feet long and 15 feet in diameter, inside which is placed a wind tunnel with its balances, 
etc., and in which the air may be kept in a state of high compression. The information to be 
obtained from the apparatus will be the most important ever given airplane designers. 

“These three illustrations should serve to prove that without such experimentation progress 
in aviation is impossible, and that, therefore, the liberal support of aerodynamic laboratories 
should be urged most strongly in any aviation program.” 

A NATIONAL AERONAUTICAL POLICY. 

The committee here presents for the consideration of the President and of the Congress a 
summary of its views and its more important recommendations, which if acted upon as a whole 
would constitute an effective national aeronautical policy. 

AERONAUTICS AND THE PROGRESS OF CIVILIZATION. 

Aeronautics, though its development has barely begun, has already exerted a great influ¬ 
ence on civilization. Its necessity for military purposes has been definitely established; its 
adaptation to commercial purposes has just commenced. 

No one can safely visualize the future of aeronautics. Its importance in warfare and use¬ 
fulness in commerce will increase with each passing year. No restrictions were placed on its 
development for military purposes by the arms conference. This fact alone is sufficient to 
assure its greater relative importance in future warfare, over both land and sea. 

The development of aeronautics in the few years since its first practical introduction has 
been one of the marvels of our age. The record made by the Air Mail Service during the past 
year, of nearly 2,000,000 miles without a single fatal accident, is the corner stone of progress for 
commercial aeronautics. History records that each improvement in the means of transporta¬ 
tion and communication between peoples has lightened the burden of man’s labors, increased 
his prosperity, and broadened his knowledge of his fellow man. 

The tremendous possibilities that the new science of aeronautics holds for the advancement 
of the human race can not be realized in a day. Science has only begun to grasp intelligently 
the fundamental problems involved in its development. With the help of well-directed scien¬ 
tific research, with the imagination of the people fully aroused, and with comprehensive, help¬ 
ful legislation enacted, aeronautics will begin to yield, in peaceful pursuits, its real contribution 
to the progress of civilization. 
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THE NEED FOR FEDERAL AND STATE LEGISLATION. 

The National Advisory Committee for Aeronautics reiterates its former recommendations 

that Federal legislation be enacted to provide for the regulation and licensing of aircraft 

aviators, the establishment of airways and landing fields, and the general development of civil 

and commercial aviation. For this purpose the committee again strongly recommends the 

creation by law of a bureau of civil aeronautics in the Department of Commerce. 

From many considerations it is necessary that the Federal Government rather than the 

States should regulate aviation. Uniformity of rules of the air and of all regulations will facili¬ 

tate the growth of aeronautical activities in all parts of the country. 
The committee on a uniform aviation act of the National Conference of Commissioners on 

Uniform State Laws, after a thorough study of the problem, has recognized the desirability of 

Federal control and has reached the conclusion that “the Supreme Court of the United States 

will almost certainly sustain an all-inclusive Federal act for the regulation of aviation.” The 

same committee recommends the enactment of uniform State laws confined to the “ elementary 

principles concerning the lawfulness of flight, the responsibility for damages, and similar mat¬ 

ters.” The National Advisory Committee for Aeronautics indorses these views and believes 

that the enactment of comprehensive Federal legislation supplemented by uniform State laws 

along the lines indicated is not only desirable but essential if America, the birthplace of aviation, 

is to become foremost in its development. 

THE IMPORTANCE OF SCIENTIFIC RESEARCH. 

Substantial progress in the science and art of aeronautics depends primarily upon the con¬ 

tinuous acquisition of knowledge. The necessary knowledge can be obtained only by long- 

continued and well-directed scientific research. The investigation and study of the funda¬ 

mental phenomena of flight is the definite prescribed function of the National Advisory Com¬ 

mittee for Aeronautics. The limited funds and facilities available for research under the com¬ 

mittee’s direction will slowly yield answers to only the most pressing problems awaiting 

solution. 
Even if civil aeronautical activities were flourishing in all parts of the country and liberal 

appropriations were made, as they should be, for military and naval aviation, there would be 

but little, if any, substantial progress in aeronautics unless at the same time the continuous 

prosecution of scientific research were liberally provided for. This is the most important subject 

in the whole field of aeronautics. The Army and Navy air services depend upon the Advisory 

Committee for the scientific study and solution of the more difficult problems. In order that 

the committee may more effectually aid the advancement of aeronautics and measure up more 

fully to its own responsibilities, the committee strongly recommends that ample funds and 

facilities be provided for the complete execution of the research programs that have been 

approved. aviation for national defense. 

Aviation has been proven indispensable to both the Army and the Navy. !\ either can 

operate effectively without an adequate air service. What was considered adequate in the 

World War will not do in the future. There must be a greater proportion of aircraft of all types, 

and they must all be of the most modern design. For this latter purpose, the committee 

emphasizes the need for continuous development. As the types and uses of aircraft foi military 

and naval purposes differ in important particulars, the Aar and Navy Departments must 

continue to have charge of aircraft development for their respective services. Appropiiations 

for aviation in the Army and Navy should in the interests of national defense be ample, now and 

at all times, to provide for continuous development. While it is possible that otliei and oldei 

branches of the two military services may have reached the periods of their gieatest de\elop- 

ment, this is certainly not so with aeronautics. 
While public sentiment is demanding reduction of the Army and Navy to a prewar basis, 

it is the judgment of the National Advisory Committee for Aeronautics that it does not demand 

that the air services of the Army and Navy be so reduced, nor even that the} be reduced pro¬ 

portionately with other branches of the Army and Navy. Ihe novelty of warfare in the air, 
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the lack of civil aeronautical activities upon which to draw in time of need, the rapid develop¬ 

ments in aeronautics that are taking place in other countries, the absolute necessity of aviation 

for national defense, and other factors all combined, have led the people to the support of a 

policy of progress and development in the aeronautical branches of the Army and Navy, how¬ 

ever much they may insist upon the curtailment of other military and naval expenditures. 

HELIUM FOR AIRSHIPS. 

The exclusive possession of helium-bearing gases by the United States is a national asset. 

The possession of this asset imposes two distinct responsibilities upon the Nation: First, that 

the method of extraction of helium be improved and the cost thereof lessened, with a view to its 

use in all future American airships; second, that the limited known supply, now escaping at the 

rate of 500,000,000 cubic feet per year, or an amount sufficient to fill 250 large airships, be con¬ 

served for future use by the American people. 
Reliable assurances have been given that with existing knowledge the present cost of pro¬ 

duction can be greatly reduced if the extraction of helium were to be undertaken on a production 

instead of an experimental basis. But, whether or not we now undertake to realize the advan¬ 

tages which the use of helium affords, the committee unqualifiedly recommends that Congress 

provide for the conservation of existing natural resources, through the acquisition and sealing 

by the Government of the largest and best helium fields. 

THE AIR MAIL SERVICE. 

The Air Mail Service is the pioneer agency in the world for the successful practical applica¬ 

tion of aviation to useful pursuits of peace. Originally inaugurated as an experimental labora¬ 

tory to encourage the development of civil aviation, it has not only been successful in that 

respect, but is now on the threshold of a wonderful achievement. There is little doubt but 

that the air mail will soon link our Atlantic and Pacific coasts in 28 or 30 hours’ service as a regular 

performance. Its recent record of more than 12 months’ operation in all kinds of weather and 

over all kinds of country, flying nearly 2,000,000 miles without a single fatality, serves to demon¬ 

strate in a forceful manner the safety and utility of airplanes under competent organization and 

control. In the judgment of the National Advisory Committee for Aeronautics the Air Mail 

Service is now just beginning to yield the substantial results for which it was established? and 

there should now be no question as to the advisability of its continuance. 

AEROLOGICAL SERVICE ALONG AIRWAYS. 

When transcontinental airways are established it will be necessary for the Weather Bureau 

to provide aerological service along such airways as they are established. The committee recom¬ 

mends, therefore, that in the consideration of any future legislation for the encouragement of 

civil aviation adequate provision of law and appropriation be made for the extension of the aero¬ 

logical work of the Weather Bureau, without which there can be no safety in the air nor success 

in commercial aviation. 
FEDERAL AID NECESSARY. 

The increasing relative importance of aircraft in warfare is alone sufficient to justify the 

expenditure of public funds to aid the development of air navigation on a commercial bais. 

It has been the history of civilized nations that governments have found it necessary to aid in 

the development of means of transportation. The wonderful growth of transcontinental rail¬ 

roads in America was greatly aided by land grants from our Government. Progressive European 

nations are spending large sums, through direct and indirect subsidies, for the promotion of civil 

and commercial aviation. The practical development of aviation in America will not be realized 

until the Government gives intelligent support and effective aid, principally by regulating and 

licensing and by cooperation with the States in the establishment of airways and landing fields. 

Respectfully submitted. 
National Advisory Committee For Aeronautics, 

Joseph S. Ames, Chairman, Executive Committee. 
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FORMULAS AND DEFINITIONS. 

M = moment around c. g. 

q = dynamical pressure = V2p/2. 

S = area of wings, 

c = chord of wings. 

M 
Cm=qSt coe®c^en^ pitching moment. 

7 = moment of inertia of airplane around transverse axis = &2 Wjq. 

W = weight of the airplane. 

k = radius of gyration. 

g = acceleration of gravity. 

cL = coefficient of lift 

The period for fictitious statical oscillations is 

(1) 

T - 27rV d M/da - 2vV vl 

During this period the airplane travels 2xk/ — VI 
Vr = -di^~ (Definition) 

v., 

The metacentric height is 

Gm — vm-q/ W= g rms-- cL constant 
o ^cL;0 

\ 

The rate of the travel of the center of pressure is 

— cL variable 
O C L 

(2) 

(3) 

(4) 

(5) 

(5a) 

The long period oscillations of an airplane, due to the variation of speed, have the period 

a'-snu 
The coefficient of stability is 

T= ttV2- V/g 

va = 2W/pg (Definition) 

aw = S ^ (Definition) 

St = area of the tail plane 

cLt = lift coefficient of the tail plane 

dcht 

(6) 

(7) 

(8) 

Vm-v.-k2 

Cs (aw k2 — at l2)2 

The limit of aperiodic complete damping is 

53006—23-5 

(9) 

(14) 

cs<l/4 
55 
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The limit of statical stability 

The limit of real stability is 

or, otherwise expressed 

da 

ca^ — 

c8=0 

aW'Jc2-dfl2 

(aw-¥-arl2)2 

vm -aw l2 

rate of change of the angle of attack with reference to lift coefficient 
&C T, 

°a rate of change of the angle of attack due simply to section of aerofoil 
Ots L 

da _ Sa S 

dch 5cl 7t62 

dcm_dcm 

da dc\■„ 
da 

dcL 

The angle of downwash is 

S 
ujV=CiJ-1.8 for monoplanes, down to 

S 
cL-1.5 for bi- and triplanes. 

The downwash of the propeller slip stream is 

u/V= 
1 
2 ' qD2ir/4:. 

The angle of the self-induced downwash is 

c^St 

sin /3 

u/V- 
7T b2 

The efficiency of the tail plane due to the self-induced downwash is 

_1_ 

771 ^ , St /8a 
bt2Tr/ 8ch 

1 
approximately 

171 “ 1+1.83 St/bt2 

The efficiency due to the downwash of the airplane is 

(take 1.6 instead of 1.8 if biplane) 

S 1 
772 - 1 ~1-8 7rb2 8a , 1 £ 

8c\. 7r b2 

S s 
av 

dajdc-L 8a , S 

5cl irb2 

= 5.7-r]1-rj2 

The lift coefficient of the tail plane at small angles is 

0.1 Sta-\-@lcE 

l + St/TT&V St 

a and /3 in degrees, St entire tail plane, E elevator, 7c between 1.25 and 1.75. 

(15) 

(15a) 

(16) 

(17) 

(18) 

(19) 

(20) 

(21) 

(22) 

(24) 
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THE TAIL PLANE. 

By Max M. Munk. 

INTRODUCTION. 

The following paper which has been prepared for publication by the National Advisory 

Committee for Aeronautics deals with the calculation of the tail plane. I try to simplify 

the present theory of longitudinal stability for that particular purpose so as to obtain one definite 

coefficient characteristic of the effect of the tail plane. The more general theory hitherto devel¬ 

oped gives no such compact result. It has indeed a wider aim, to calculate not only the tail 

plane, but the exact character of flight to be expected. The method is so complicated, however, 

and the results so uncertain that at present it seems to be unfit for application in design. For 

the present at least it has to be confined to the desks of some special investigators. It is not 

impossible on the other hand that the following method may be developed later so far that it 

covers also this more general task. In its present form the aim is not so ambitious. 

The coefficient mentioned is obtained by substituting certain aerodynamic characteristics 

and some dimensions of the airplane in a comparatively simple mathematical expression. 

I take care to confine all aerodynamical information necessary for the caculation of the coeffi¬ 

cient to the well-known curves representing the qualities of the wing section. I am able to 

do so by making use of the recent results of modern aerodynamics. All formulas and relations 

necessary for the calculation are contained in the paper. They give sometimes only an approxi¬ 

mation to the real values. An example of calculation is added in order to illustrate the appli¬ 

cation of the method. 
Moreover, it was necessary to discuss more general and simple questions concerning the 

subject before starting with the new contribution. Statical and dynamical stability, slope 

of the moment curve, travel of the center of pressure, metacentric height are conceptions which 

are old and comparatively simple. They have given rise, however, to controversies and there is 

not yet general agreement as to their meaning and usefulness. The discussion of some other 

questions related with the tail plane forms the last part of the paper. 
The direct result of the investigation is the deduction of the coefficient of stability men¬ 

tioned and the method for calculating and applying it. This coefficient indicates not only 

whether the effect of the tail plane is great enough, but also whether it is not too great. It 

appears that the designer has to avoid a certain critical length of the fuselage, which inevitably 

gives rise to periodical oscillations of the airplane. The discussion also shows the way and in 

what direction to carry out experimental work. For free flight tests more attention ought 

to be given to the relation between the position of the elevator and the corresponding equi¬ 

librium velocity. In model tests it appears that the moment of the air force on a wing about 

a fixed axis not too far from the average center of pressure ought to be preferred to the investi¬ 

gation of the travel of the center of pressure. It is easy to calculate the second quantity from 

the first, but not the first from the second. The other questions touched in this paper give 

suggestions for wind tunnel experimentation. 
Before proceeding to attack the problem, I wish to touch one very general question 

which is intimately connected not only with this paper, but with the whole complex of tech¬ 

nical and scientific questions. I obtain the essential coefficient by neglecting the variation of 

speed of the airplane during one oscillation after having investigated the expediency of this 
57 
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procedure. I calculate the coefficient by* substituting approximate theoretical formulas for 

real physical amd more complicated phenomena. What is the meaning of such procedure? 

There are people who consider each omission and each approximation or simplification 

as a defect of the method. And they certainly are right sometimes, if the simplification is 

not justified. There are questions of abstract science where a more complete understanding 

and not a numerical calculation is the aim of the investigator, where the philosophical physicist 

reasons and does not make applications. In such cases any simplification may vitiate the pur¬ 

pose. The following paper is not written for philosophers and physicists, but for designers 

and engineers, no matter how much physical knowledge they may possess. And for such men 

the question is quite different. No engine is the result of a calculating machine, but of a brain. 

Certain quantities only can be and must be calculated, and even they approximately. It is 

impossible to take into account all details of all the physical processes. Their laws are generally 

known, it is true, but the actual calculation is either too difficult or impossible. It is, therefore, 

always a marked progress in technical science if an investigator succeeds in separating impor¬ 

tant and less important factors, and if he teaches how to calculate anything simply which could 

not be properly calculated at all before. The physical process forming the case of the simpli¬ 

fied calculation, of course, can not be identical with the actual phenomenon, but if the method 

be a good one it forms, as it were, a skeleton of it. For instance, the most marked progress 

in the art of calculating the tension in beams was the discovery that it is allowable to neglect 

the shearing forces and to make the assumption that all plane sections remain plane during 

the deflection. This is not true, and it is well known that it is not true. But the method 

gives the right dimension of the beam and nothing else is wanted by the designer. 

Neglecting the influence of the speed variation and not the variation of any other quantity 

is justified not alone by the result of the following discussion. It is already contained im¬ 

plicitly and hidden in the papers of previous writers. I begin honestly with this simplification 

and try to demonstrate its justification by physical reasons instead of only stating its possi¬ 

bilities without any explanation. By this systematic procedure I am enabled to investigate 

the remaining phenomena more closely and to obtain more compact and useful results. In 

the following treatise also the thrust of the propeller and its slip stream is not very exhaustively 

taken into account. It is perfectly correct to omit it for the gliding flight and, as the airplane 

must satisfy this condition of flight also, the omission is not likely to undermine grossly the 

result. Moreover, the increase of speed due to the slip stream is partially neutralized by the 

braking effect of the fuselage and the other parts which diminish the velocity of the passing 

air. The axis of the thrust never passes very far from the center of gravity. The resulting 

moment can be taken into account by assuming a correspondingly changed position of the 

center of gravity. The variation of the thrust depends on the propeller and the engine, and 

the calculation of its influence is far beyond the aim ol' this paper. The dimensions of the 

tail plane are hardly influenced by this consideration. In my opinion the omission of the thrust 

is by no means as essential as that of the variation of speed. It is only a detail which later 

can be elaborated. 

It is hardly necessary to make any apologies for the use of general aerodynamical relations 

between the angle of attack, the lift, and the downwash. They are perfectly true under some 

simplifying assumptions, and they are always as exact as any other technical formulas and as 

the methods of calculation used in other parts of applied science. The greatest incorrectness 

of the result is not the consequence of this simplification, but is due to the uncertainty of the 

position of the center of gravity and to the uncertaint}’ about the arodynamical quality of 

the wings. It must be emphasized that these difficulties are not peculiar to the special method 

adopted, for they are already contained in the original method of treating statical stability. 

The reader who is not fond of mathematics may pass over the mathematical development. 

He finds all formulas he wants in the list at the beginning, and the example will show him how 

to apply the formulas. The next step, however, is not the application of the method for design, 

but its examination by applying it to actual airplanes. The method is subject to improvement, 

which can be made after such applications. I am wholly satisfied if I only succeed in giving a 

suggestion for an improvement of the method of calculating the tail plane. 
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THE TAIL PLANE. 

PART I. 

THE ENTIRE AIRPLANE. 

1. EQUILIBRIUM. 

During a steady flight the tad plane makes the moment of the air forces around the center 

of gravity vanish, and hence the center of pressure is always at this point and does not “ travel.” 

To prevent its travel is the function of the elevator, the set of which is changed by the pilot on 

passing from one condition of steady flight to another. Without turning the elevator the new 

flight would not be steady, for then the center of pressure 'would have tra veled and there would 

be a moment around the center of gravity. Through this center of pressure the line representing 

the effect of all the air forces would pass and this would be at some horizontal distance from the 

center of gravity. This line being almost vertical, the moment would equal the product of 

the horizontal distance from the center of gravity and the magnitude of the entire force. This 

magnitude is approximately equal to the weight of the entire airplane and therefore constant. 

This is well known, but it is necessary to mention it as an introduction. These statements, 

however, are very general and therefore very vague; the designer can not do very much with 

them. He needs to know how great the effect of the tail plane has to be, for the greater the 

desired effect, the greater the necessary dimensions to produce the effect. Now the moment 

mentioned is not due to the dimensions of tail and tail plane alone, but also, and to a very 

high degree, to the instantaneous velocity of flight, or, better expressed, to the dynamic pressure; 

and the velocity, or the dynamic pressure, is by no means constant, for the airplane has a dif¬ 

ferent velocity, smaller, for instance, at a. low number of revolutions of the engine than at a 

high number, and smaller if climbing than if diving. We think that we can not proceed more 

logically and usefully than by separating the two factors which produce the moment, and 

obtaining the true characteristic for the dimensions of tail and tail plane. 

This is not difficult. Let M denote the moment around the center of gravity and q the 

dynamic pressure ~p V2. Then ^is the expression sought, as the reader can easily verify, by 
z q 

considering that the moment is proportional to the dynamic pressure q. Let there be a medium 

set of elevator (say zero) and a medium condition of steady flight; there is, then, no moment 

around the center of gravity and Mfq is zero. The more the angle of attack is changed in one 

or the other direction, the greater is the positive or negative moment which must be neutralized 

by rotating the elevator, in order to obtain steady flight. If we divide this moment by the 

dynamic pressure of each particular steady flight, we obtain the expression M\q which is 

characteristic of the geometrical dimensions. 
Imagine this expression M/q to be plotted against the angle of attack. Then the slope 

of the curve represents the effect necessary in order to change the angle of attack by a properly 

chosen unit of angle. We intend to use this curve actually and to plot it for a particular air¬ 

plane. We must clearly understand, therefore, by what unit Mjq can be measured and what 

kind of a physical quantity it is. We mentioned that this expression is characteristic of the 

geometrical dimensions simply. Now the “tail effect” is proportional to the area of the tail 

plane multiplied by the lever arm, that is to say, to a sort of volume. It is not in the least 
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surprising, therefore, that Mjq is also represented by the cube of a length; it is a sort of volume 

and must be measured either by cubic feet or by any other measure of volume. 

When comparing several different airplanes with respect to this “volume of moment,” 

it is advisable to take its ratio to some standard volume given by the dimensions of the airplane. 

The wing area presents itself as a standard area, but the arm is not so easily found. We think 

it most convenient to take the chord of the wings or the mean chord, and the resulting 

expression, 
n/i 

(1) Cm 
M 

q S c 

.0/5 

.0/0 

£.005 

.000 

-.005. 

may properly be called the coefficient of pitching moment and be denoted by cm. In figure 1 

this coefficient is plotted against the angle of attack. The values are taken from a model test 

and are not wholly reliable, the conditions 

not having been quite the same as in real 

flight. Neither was the situation of the center 

of gravity exactly known, and the shape of the 

curve depends on its position. The diagram, 

however, shows sufficiently what we wish to 

show. We have represented in a second curve 

and on a corresponding scale the travel of the 

center of pressure. The ordinates of this curve 

are P/c (cL)o where P is the actual travel of the 
center of pressure, c is the chord and (cL)0 is 

the lift coefficient for steady flight. It should 

be noted that the curve has two branches 

asymptotic at infinity. These two curves of 

cm and center of pressure travel coincide at 

the angle of equilibrium, where the moment 

as well as the distance betw een the center of 

gravity and the center of pressure is zero. 

Moreover, at this point the slope of the two 

curves agree also. But this agreement of 

curves and slopes is the case only because we 

have chosen the scale suitably. At all other 

angles of attack neither the two curves nor 

their slopes agree; they differ greatly. 

If for any new project the designer knows 

the magnitude of the moments around the 

center of gravity and the velocity for the dif¬ 

ferent angles of attack, he can draw the curve 
of cm, and this curve will give him by its slope the first information concerning the condition of 

equilibrium that he wants for the design of the tail plane. It gives the information very much 

better than the curve of the travel of the center of pressure, which curve agrees with the former 

in one point only. It is true that the curve of the travel of the center of pressure is always the 

same, wherever the center of gravity may be situated, while the curve of the moment changes 

according to the position of the center of gravity.1 If the moments are measured around a 

transverse axis which is at a distance x forward from the center of gravity, all that is necessary 

in order to obtain the values of cm with reference to an axis through the center of gravity is to 

add to the measured values of cm the quantity —. This procedure certainly is not so trouble- 

some that it does not pay to perform it, instead of calculating with a wrong curve.2 There is 
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1 Both can be influenced by the propeller thrust. 

2 Compare see. 15, where it is shown that the change of the curve is performed by drawing one straight line. 
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so much the more reason to perform this labor, as this curve of cm is important for other consid¬ 

erations which will be described in what follows. 

As the result of this discussion we conclude: 
(a) At a set zero of the elevator and for a medium angle of attack the moment around 

the center of gravity must be zero. For otherwise the elevator would not be 

fully utilized. 
(b) The slope of the curve of moment must be moderate, for otherwise a very large 

tail plane and elevator would be necessary. 

2. STATICAL STABILITY. 

It is not sufficient that the airplane be in equilibrium, as the designer knows. The equilib¬ 

rium must be stable or at least it should be only slightly unstable. Now the airplane is in a 

different equilibrium for every position of the elevator. Each equilibrium ought to be examined 

separately with respect to its stability. But we will proceed to show that this examination 

can be much simplified, and that it is sufficient to consider the curve of coefficient of the moment 

discussed in the preceding chapter. 
We consider a small displacement, consisting of a change of the angle of attack, and assume 

the vertical velocity of the airplane and its velocity of flight to have changed so slightly that 

the changes can be neglected. The deflection from the original angle of attack then pioduces a 

moment proportional to the deflection and to the slope of the curve of moment, i. e., dM— da 

and hence is proportional to The airplane is said to be “ statically stable, if the moment 

tends to bring it back to its original angle of attack. The degree of stability may be described 

by the time which would be taken for the airplane to swing back through its oiiginal angle of 

attack. The airplane is assumed in this case to be oscillating around the center of gravity and 

the time for one oscillation is calculated. 
For steady flight and a definite tail setting there will be a definite angle of attack which 

may be called a0; let the angle be a at any instant after the disturbance; let the moment 

corresponding to a be M, measured in the same sense as is a. Hence, the equation of motion, 

omitting all other influences, is 
Wk2 d2a d M, \ 

where W is the weight and Tc is the radius of gyration. 
For reasons which will appear later, it is convenient to introduce two symbols. 

-y =?-^= twice the volume of air having a weight equal to that of the airplane 
a P9 

— 
d(M/g) 

da 
where q ^pF2 

2 dM. 
pV2 da 

Hence, on substitution, 

if V is constant. 

d2a (vm\ V2. , 

There are two cases to consider: 
!c I'D 

(a) Static stability. vm > 0. This indicates oscillations with a period 2 * ^ 

Hence the distance, traversed by the airplane in this time is 2 -rr'k^j^ 

(2) 

(3) 
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(6) Static instability. vm<0. The angle would continue to increase according to the 
expression e^J — t vm/va V/k i- e., it would increase to base (e) times its value in a 

,. 1c -v& 
time T7-\ /- 

V V vm 
The distance traversed by the airplane in this time would be 

Tc 
l-V a 

V vm ' 
Both these distances are independent of the velocity of flight. In case (a), as noted, there 

would be oscillations, and under such conditions the equilibrium condition of steady flight is 
said to be statically stable. Expressed mathematically, the condition for statical stability 
is, then, 

Pmn <o 
da J a — a0 

We mentioned that the stability should be examined for every angle of attack and that 
every angle of attack has its own curve of moment, since for equilibrium the elevator has a 

different position. In figure 2 we have plotted 
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three such curves for the same model as before, 
corresponding to the angles of the elevator 
— 5°, +5°, and +10°. The reader sees that 
the curves are almost parallel and that there¬ 
fore their slopes are almost equal for the same 
values of a, the angle of attack. That is 
always so and very natural. For changing 
the set of the elevator produces a moment 
approximately independent of the angle of 
attack. For this reason it is sufficient to con¬ 
sider one curve of moment only and to use its 
slope at any value of a, the angle of attack. 

The consideration of statical stability leads 
to almost the same rules as did that of equi¬ 
librium itself. 

The slope of the curve of moment must 
be moderate, or zero, for otherwise we should 
obtain either great instability or short, .quick 
oscillations. 

If stability is desired, the inclination of 
the curve must be such that the moment 
brings the airplane back to its original angle 
of attack. The amount of the desired stability 
or of the allowable instability ought to be de¬ 
termined for the airplanes in actual use. No 

^complicated method of testing is required, only 
the setting of the elevator must be determined for different conditions of flight. This is dis¬ 
cussed more fully in section 16. 

o° 5° !Oc 15° 
cc 

3. THE METACENTRIC HEIGHT. 

In his most valuable paper on the fundamentals of aeronautical designing,3 Commander J. C. 
Hunsaker, in accordance with the suggestion of Commander McEntee, suggests the application of 
the naval architects' metacentric height to calculate and measure the statical stability. Using 
the matacentric height as he defines it gives the same result as our method. He begins as we 
did with the curve of the pitching moment plotted against the angle of attack, and divides 
this moment by the weight of the airplane, thus obtaining the distance of the center of pressure 

* Naval architecture in aeronautics. Aero. Journal, July, 1920. 
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from the center of gravity. The slope of this curve is the rate of travel of the center of pressure 

with reference to a, and we saw that the slope of the curves agree, in fig. 1, at the point of equi¬ 

librium. In this diagram we chose the scale of the travel of center of pressure according to 

Hunsaker’s definition, dividing the ratio of the distance between the centers to the chord by 

the particular lift coefficient of equilibrium. The metacentric height is defined by 

r 1 d M 
(jrm~ ~~W ~da 

The negative slope of the curve of the pitching moment divided by the dynamic pressure 

is written 

d(M/g) 
da (4) 

Therefore, writing W= (cL)0q S, where (cL)0 is the lift coefficient for the value of a at equi¬ 

librium 

G m Vai 
q _ Vm 

W $(cL)o 
(5) 

The value of Gm is therefore proportional to the negative of the slope of cm at the point 

of equilibrium. 

The travel of the center of pressure equals M/L, where L is the lift and equals c^qS; hence 

the rate of change with reference to the angle of incidence, provided cL may be regarded as 

constant for a small range, is 

v m 
(5a) 

and only at the angle of equilibrium does it coincide with that of cm. 

These two expressions are apt to be confounded. 

In the paper mentioned, Commander Hunsaker shows an interesting method of making the 

metacentric height visible. In the diagram for the center of pressure for different angles of 

attack he puts in for every center of pressure the vector of the lift alone, omitting the drag. 

The resulting diagram is the complete analogue of the diagram of the naval architect. The 

intersections of neighboring vectors of lift near the angle of equilibrium give the metacenter. 

We think, however, that this diagram ought to be used only as an illustration for the geo¬ 

metric meaning of the metacentric height. It would require too much labor to draw a new 

diagram for every setting of the elevator; and this would be necessary, for his diagram has 

not the great advantage of ours, viz, of being valid for all angles of attack and all settings of 

the elevator. 
4. WHY THE CALCULATION OF STABILITY CAN BE SIMPLIFIED. 

There are many designers who would like to spend an hour or even two in order to obtain 

a more complete idea of the nature of longitudinal stability and to be able to calculate in a 

simple manner whether a certain tail plane will be sufficient or not. For such readers we will 

try to go a step further. We believe that then we have discussed the problem as completely 

as is ever necessary for the purposes of the designer. 
Before discussing the next question, that is, the damping ('which is a quality of stability 

as stability was a quality of equilibrium), we have to examine the justification of our assump¬ 

tions in the last chapter. There we neglected the variation of vertical velocity and speed. 

This is allowable indeed for the calculation of the period only and not for the damping. For 

if the angle of attack has slightly increased, the lift increases too, and the airplane experiences 

an acceleration upwards. Therefore, it receives a vertical velocity component and the angle 

of attack no longer agrees with the angle between a fixed direction in the airplane and the hori¬ 

zontal. The difference equals the ratio, —w/V, of the vertical component to the original 

velocity, if we assume V to be great compared with the vertical component w. The effect is 

a gradual decrease of the amplitude of the original oscillation, for the effective angle of attack, 
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and therefore the stabilizing moment is increased when the change is opposed to the angular 

velocity and decreased when it has the same direction. This type of damping is the subject of 

the next chapter, together with the damping moment of the tail plane due to the angular velocity 

of the airplane. We merely state here, therefore, that the effect of the variation of altitude is 

chiefly a damping of the oscillation, and that, in making calculations of the damping, we are not 

allowed to neglect the variation of altitude. 
The alteration of the horizontal velocity, however, the discussion of which we proceed 

to now, has no damping effect, but it is periodic. This oscillation and the first mentioned one, 

it is true, affect each other, but we will show that the interference can be neglected. We 

proceed by assuming in the beginning what we intend to prove and by examining the result 

of the assumption. 
The smaller the influence of the variation of speed, the longer is the period of the oscillation 

caused by it; and, if it is very long, the influence of the original motion, due to the angular 

velocity, has so often changed its sign that the summed up effect on this long oscillation vanishes. 

During one short oscillation of the first kind, on the other hand, the velocity is almost constant. 

We assume, therefore, that as a first approximation the variation of the drag and of the angle 

of attack has no influence on the type of motion, the airplane altering its velocity, owing to 

alterations in gravitational energy. The oscillation consists in alternately changing the poten¬ 

tial energy due to vertical height into kinetic energy of motion and conversely. The result is 

very interesting and simple. Let h denote the height and IT the weight of the airplane, then the 

potential energy is h.W. The variation of this energy is Ah. W, if Mi denotes the variation of the 

height. The kinetic energy is l/2(V+v)2 W/g, if V is the original flight velocity and v its vari¬ 

ation. If v is small when compared with V, this can be written 1/2 V2. W/g + Vv W/g, and the 

second term is the variation of the kinetic energy. The lift is proportional to the square of the 

velocity, hence its ratio to the original lift IT is and the variation is y. Corresponding to 

this variation of lift, "y IT, the vertical acceleration of the airplane is 2y ■ g. Now we have to 

eliminate the velocity v and to introduce instead of it an expression containing the height h. 
The sum of the variations of the two energies must, of course, be zero if the energy is conserva¬ 

tive, i. e., 
IT 

Ah • W+V’ v— = 0 
9 

hence 
— Ah • q 

v- 

and the vertical acceleration is therefore — 2 Ah y-2. The acceleration is opposite to and pro¬ 

portional to the displacement from the origin. This gives a simple oscillation with the period 

2WV2 V/g (6) 

The distance traveled by the airplane during one period is 

s = 7rV2 V2/g. 

T and s depend only on the magnitude of the velocity of flight and are not influenced by the tail 

plane. If for instance T=150 foot seconds (about 100 mi./hr.), we obtain T— 20.8 seconds. 

This indeed is so slow an oscillation that it can not have much influence on the character of the 

motion of the airplane during a short interval. During five seconds, say, the variation of speed 

may be neglected. Further, it is easily seen that this long oscillation is generally damped. 

The tail not only gives an additional drag when the airplane is turned, but during the continuous 

change of kinetic energy into energy of height and conversely the sum of the two decreases 

continuously. During the motion up and down a certain percentage of the energy is absorbed 

due to the variation of the drag, and the vertical amplitude grows smaller and smaller. This 
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holds true if the restoring moment is great, so that the angle of attack is almost constant. 

With actual airplanes the moment is very small, but the other factors tend to conserve the angle 

of attack. But even if the attitude of the airplane were constant with respect to the horizontal 

the damping would not be less. On the contrary, when descending, the angle of attack is in¬ 

creased and the drag and lift are both increased; when rising, both are smaller. In the valleys 

and on the summits of the waves the angle of attack is as before. Whence it follows that the 

amplitude of the vertical oscillation is generally decreased, while the period is not much altered, 

unless the propeller and its slipstream are the cause of a different behavior. 

5. THE DAMPING. 

We are now prepared to discuss the nature of longitudinal stability of an airplane. We 

realize that we may neglect the variation of speed, and hence we assume the center of gravity 

to move with constant horizontal velocity. The vertical velocity and the angular velocity 

are assumed to be small. The difficulty of such a mathematical investigation as the following 

one i's only that of memorizing the different symbols. In order to facilitate this as far as possible, 

we shall introduce some new symbols and take care to choose them so that their physical dimen¬ 

sions are as simple as possible. In the preceding section 2, equation 3, we divided the weight 

W of the airplane by half the specific weight of the air, so obtaining the volume va 

Vn = 
2 W 

pg 
(definition) (7) 

which is twice the volume of air having the same weight as the airplane. The moment of 

inertia was avoided by making use of the radius of gyration Tc, which of course is a length. 

Besides we need the distance l (length) between the tail plane and the center of gravity. 

Now we proceed to the forces and moments acting on the airplane. We will confine our¬ 

selves to three, which are really known to the designer. These three are the lift of the wings, 

the lift of the tail plane, and the moment of the airplane around the center of gravity. The lift 

equals the product of the dynamic pressure and the “area of lift,” which itself is the product of 

the lift coefficient and the area of wing. We are interested in the rate of change of the lift with 

respect to a change of the angle of attack, because in considering displacements the change in 

the lift must be introduced into the dynamical equations. This equals the product of the 

dynamic pressure and the rate of change of the area of lift with respect to the angle of attack, 

and is aw . q, where 

a„ = Sd*'- (8) 

aw is an area and equals the slope of the curve of the area of lift when plotted against the angle 

of attack. In the same way we define at as the rate of change of the area of lift of the tail 

plane, i. e., 

at = St 
dcLt 
da 

(9) 

The rate of change of the statical moment with respect to the angle of attack is described by 

the rate of change of M/q, which is discussed in the previous chapters. We write vm= — ^ ■ 

This has the dimensions of a volume. We describe thus all forces acting on the airplane and 

occurring in this discussion by two areas and one volume, which can be determined in each 

particular case. The moment contains the force on the tail plane resulting from its instan¬ 

taneous angle of attack. We need at only for the calculation of the moment due to the angular 

velocity of the airplane. If this angular velocity is denoted by w, the tail has a vertical velocitj^ 

downward, Z . co; and its angle of attack is increased by y- The corresponding change of the 

restoring moment of the tail plane is therefore 

7 
y ’ at ’ l - q 
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The change in the restoring or statical moment discussed in the previous chapter is 

Vm • q ■ a 

where a is the change in the angle of attack, and the variation of lift is 

flw • q- a 
In the problem before us we shall assume gw, at and vm to be constants for the ranges dis¬ 

cussed, and also that gw and at are always positive; va is, of course, a positive constant. 

In describing the motion of the airplane, the motion will be referred to moving axes, follow¬ 

ing Bryan and others. Let w be the velocity of the center of gravity along the Z-axis, and let co 

be the angular velocity around the transverse axis. Then the acceleration along the Z-axis at 

any instant is ^ + V co, and the change in the angle of attack is — y* For small displacements 

the equations of motion for the three forces mentioned are 

/dW T7 \ 'll} • dw d W T7* TT 
*•p/2 \7t + r“)= ~a' 3 V’ '• e" dt=~¥. Vw~ 1 " 

and 
/n 7 •> dcO W , W . &C0_ Vm 

p/2 & dt~Vm q F_a< q V’ L e’’ dt~¥va 

do) 
Vw 

ad? 
Fco. 

(10) 

(11) 

Hence by elimination 

d2w , dw Tr/gw Tc2 + ad2\ , rTJ vm , ajc2 . at l2\_ 
{ ¥7rrw T w.+ iw ■)- dt2 dt TT 7 0 (12) 

or the same differential equation for o>. 
The solution of this equation is of the form w — Aext, where X satisfies the algebraic equation 

(f)+K 

Write this, for a moment, 

X /gw k? -\-ad2 
k?va M k2v a 

X 

vm | gw P • at ?2^-p 
Pva2 

(13) 

(f)2+q F 
+ 6 = 0 

g may be assumed, for the case under consideration, an essentially positive constant, while 6 

is a constant which may take either + or —values, owing to the presence in it of vm. 
The roots are _ 

— g ± -yja2 — 46 

Case 1. If 6 < 0, one root is + giving rise to instability, one is —giving rise to a damped non- 

oscillatory motion, i. e., to stability. 

Case 2. If 46 = 0, one root is zero; the other is negative, giving rise to a damped nonoscilla- 

tory motion. 

Case 3. If 46 >0, and<g2, both roots are negative. 

Case 4. If 4b = g2, one negative root. 

Case 5. If 46 >g2, both roots are complex, with a negative real part, giving rise to a damped 

periodic motion. 

Summary: Stability if 6>0. 

Damped aperiodic motion if 0 46 < a2. 
Damped periodic motion if 46 ^g2. 

In the formula 

gwP T ad2 
k?V a 

a = 
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The condition for damped periodic motion is that 

vm awk2• aj? ^ (awk2 + a J2)2 
Jc2Va ‘ lc4Va2 4 k2vJ 

i. e. that vm> 
(awk2 — aj?)2 

4 k2va2 

Let us define the absolute coefficient 
vmvjc2 

(KJc2-atl2)2 
(14) 

1 . . 1 
Hence the condition for damped periodic motion is cB > • The limit of oscillations is then ca = -• 

Similarly, the condition for damped aperiodic motion is 

n=Tm I «wfc2 • dtl2= (awk2 + Qtl2)2 

^Tc2Vg. k4V&2 ^ 4/c%a2 

Near the limit of periodic motion, therefore 

Near the limit for undamped motion 

vm [ awP-at?2^0 

or 

k2Va. k4v a2 — 

gwP • a tl2 
= (awk2 — atl2)2 

(15) 

The limit of stability is when ca equals this fraction. In case awP nearly equals atl2, it will be 

best to use the equivalent expression 
vm v^ — a^aj? (15a) 

The condition for statical stability is vm>0, i. e. ca>0. So that it is apparent that cases 

may arise when there is static instability, i. e. vm<0, and yet there will be a damped aperiodic 

motion, and therefore the airplane is stable. 

Summary: 

cB>~ damped oscillations. 

ca = ^ limit between oscillations and aperiodic motion. 

ajc. atl <Ca<Ji aperiodic motion. 

Ca 

(<ajc2 — atl2)2 

(ajc2. atl2 

limit of true stability (ajc2 — atl2)2 

or vm'ya:= -a^atl2 

cB > 0 statical stability. 

ca = 0 limit of statical stability. 

0 >cs> - statically unstable, but damped aperiodic motion, i. e. stable. 

Thus ca is a quantity characteristic of the stability and it may be called the coefficient of stability. 
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6. THE AIRPLANE WITHOUT TAIL PLANE. 

The exact determination of vm, the slope of the volume of moment, is so difficult that it 

seems useless for the present to discuss the possible improvement of the other terms. We will 

rather proceed to discuss briefly the determination of those parts of vm which are produced by 

the wings, although this is only indirectly connected with the subject of this paper. As for aw, 

also produced by the wings, the same considerations are valid as for at and we have opportunity 

later to discuss them. 
The moment produced by a wing depends on its situation with respect to the center of 

gravity. We have seen that for a condition of steady flight the entire moment must vanish. 

The tail plane has to neutralize the moment produced by the other parts of the airplane at that 

angle. Besides, the tail plane has to produce stability and damping. These three tasks are 

generally too much for it, the last two can be performed by it, but the first and second tasks are 

inconsistent with each other. For this would mean that the tail plane would not only be a sta¬ 

bilizing organ, but a lifting aerofoil too. In that case the system of wings extends up to the tail 

itself and an increased travel of the center of pressure is the consequence. This requires a greater 

tail plane, and fuselage and tail plane are heavier and move the center of gravity even more 

backward. This again requires a greater tail plane, etc. The case of nose heaviness is not much 

better. It is evident then, that the moment for all air forces, those of the tail plane excepted, 

must also be zero, or at least small, for a medium angle of attack. The tail plane must have such 

an inclination that at that angle its lift is zero. The angle of attack of the tail plane in steady 

flight has to be smaller, therefore, than that of the wings, a fact which is well known to every 

designer. 

This is not all. Experience has shown that airplanes were never very satisfactory if the 

moment vanished as the result of large moments neutralizing each other. All good airplanes 

have wings which are so situated that they counterbalance themselves for a medium angle of 

attack by means of their position with regard to the center of gravity. Airplanes with large 

stagger are now rare, and are only chosen if there are important reasons for them. This is not 

surprising. The greater the single moments are, the more difficult is it to counterbalance 

them for a considerable range of angle of attack. A small deformation of the wing, a small 

error of the assembly or inexactness of fabrication is sufficient to produce a great disturbing 

moment. The center of gravity ought to be situated not far from the vertical through the center 

of pressure for the medium angle of attack of each wing. For most wing sections this is from 
about one-third to 0.4 of the chord from the leading edge. 

The moment is the product of force and lever arm. If it is given with respect to any par¬ 

ticular point, the moment with respect to any other point equals the sum of this moment and 

the moment of lift and drag with respect to the new axis if imagined to be applied at the first 

given point. This is well known. 

When calculating from a model test, the slope of the moment or of its volume with respect 

to the angle of attack, it must be remembered that the center of pressure as well as the coefficient 

of moment belong to and are dependent on the coefficient of lift and not on the angle of attack. 

This must be noted especially if the aspect ratio of the wing is different from that of the model 

or if the model was a single aerofoil and the same section is used in a biplane. In all these 

cases a different angle of attack corresponds to the same coefficient of lift. It would be best 

to begin always with the slope of the coefficient of moment with respect to the change of the 

coefficient of lift, which is independent of the aspect ratio, and to divide it by the differential 
• doc 

quotient which depends on the aspect ratio and on the section. 

dCxa_dCm /dot f i a\ 
dot-^/ddl 

The influence of the wing section on the moment and its slope can be studied in the publi¬ 

cations of the different wind tunnels. The slope of the travel of center of pressure is charac¬ 

teristic at that particular angle of attack only where the center of gravity coincides with the 
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center of pressure. Another method is to plot the coefficient of moment with respect to some 

particular point, not too far from the mean center of pressure, against the lift coefficient. This 

curve runs very regular, it is practically the same for models having different aspect ratios, and, 

as is almost independent of the section, for small angles it is sufficiently characteristic of the 

slope of the coefficient of moment with respect to the angle of attack. In order to obtain the 

moment for any other position of the center of gravity, draw a straight line from the origin to 

that particular point of the curve where the moment around the new center of gravity is zero 

(Fig. 7). The distances between this line and the curve in the direction of the axis of moment 

give the new coefficient of moment, and the angle between the line and the curve gives the slope 

exactly enough. 

We have discussed now the function of the tail plane, and have seen how both the equi¬ 

librium produced by different settings of the elevator and the statical stability are characterized 

by the same curve of the volume of moment around the center of gravity. Its slope, together 

with the two areas of damping of the airplane, that of the wings and that of the tail plane, pro¬ 

vides us with the coefficient of stability. In the second part of this report we will proceed to 

discuss the details and see how they affect equilibrium, stability, and damping. 



t 
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THE TAIL PLANE. 

PART II. 

THE TAIL PLANE. 

7. EQUILIBRIUM. 

W e saw that for a medium angle of attack the airplane ought to be in equilibrium without 

the tail plane producing a lift. A small lift is indeed allowable, but it is better to make no use * 

of it in the first design and to keep it back for an emergency in case the airplane turns out to 

be slightly nose heavy or tail heavy. The problem of the tail plane is simple, therefore, as far 

as equilibrium is concerned, and there remains only the question of its angle with a fixed direction 

in the airplane. This angle must be such that for the medium angle of attack of the airplane 

mentioned the effective angle of attack of the tail plane is zero. Without the downwash of the 

wings and the slip stream the direction of the tail plane which gives the lift zero would be parallel 

to the direction of flight. It must be turned by the angle of downwash and that of the slip 

stream. We will proceed to give the formulas for these two angles. We need not be too 

scrupulous in this respect, for a small subsequent change of the angle of the tail plane is always 

possible without great difficulties. 

The angle of the downwash in degrees may be written 4 

1.8 cL • • 57.3 for, monoplanes, and 

S 
1.5 cL ■ -p * 57.3 for biplanes. 

(17) 

1 8 
For a more exact calculation we propose to take the factor -p- where Jc is the factor of the 

effective span of the biplane. (See Technische Berichte II, p. 187.) 

In these two formulas— 

cL denotes the coefficient of lift 

5 the area of wings. 

6 the maximum span of the wings. 

L the lift. 

F the velocity of flight. 

The dynamical pressure q = F2p/2 = F2/390 for low heights, in lbs./sq. ft., if F is in 

mi. /hr. 

p/2 half the density of air. 

The influence of the slip stream on the angle has not been discussed satisfactorily in any 

publication, as far as I know, and exact experimental work in this respect is defective too. 

We are dependent, therefore, on theoretical considerations, which we must greatly simplify in 

order to make its bulk agree with the value of the result. The question is complicated in the 

first place by the mutual influence of the propeller and the wings. We are forced to neglect 

this, the change of the final result by it is likely to be small because the effect is a double one 

and neutralizes itself partially. In the next place we will neglect the fact that a propeller with 

an inclined axis works unsymmetrically. For calculating the remaining main influence we 

* See the papers of the author: Technische Berichte II, p. 187; Technische Berichte III, p. 10; (Reports N. A. C. A., No. 121; where more 
exact data can be found. 

53006—23-6 71 
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may apply the ordinary momentum theory, the angle between axis and direction of flight being 

always small. This effect is partially neutralized by the wings, but this only holds true for the 

effect itself and not for its rate of change, which we have to consider afterwards. Let V+v and 

u be the velocity components of the slip stream relative to the airplane at a point in the air 

some distance behind the propeller, u being downward. The mean components in the neigh¬ 

borhood of the propeller are V+1/2 v and 1/2 u and the air at a great distance in front of the 

propeller has the components relative to it V and zero. The thrust may have the components 

Tand Tsin /3 where (3 denotes the angle between the axis of the shaft and the velocity of flight. 

Let D be the diameter of the propeller. Hence we have 

rsim3|=u2| vd> | 

u_ Tsin j3 _1 T 
- V_ F2pZ?V4 2 2Z>27i-/4 * s 

(18) 

The angle in degrees is 57.3 times greater. The angle of the tail plane with the direction of 

flight is the sum of this angle and the angle of downwash, if the tail plane is wholly surrounded 

by the slip stream, otherwise a corresponding fraction can be taken. 

Most designers wish the tail plane to he within the slip stream. If the airplane flies at a 

great angle of attack and the propeller stops suddenly, the airplane should receive an impulse 

to decrease its inclination without the pilot acting. This takes place indeed if the tail plane 

is met by the slip stream, for at high angles the tail plane usually has a positive lift, which is 

increased by the slip stream, so that the positive lift decreases as soon as the slip stream ceases, 

thus setting up a turning moment. The same effect is obtained by an eccentric position of the 

center of gravity with respect to the axis of the thrust. 

The problem of equilibrium also embraces the effect of the elevator necessary to produce 

equilibrium for all other angles of attack. It appears, however, that this consideration would 

give small values, the statical stability being almost zero. We shall discuss the question of 

the size of the elevator in the other sections. 

8. STATICAL STABILITY. 

The subject of this chapter is the rate of change of the moment if the setting of the 

elevator is fixed. We have to discuss in particular that part of this rate which is caused by 

the tail plane. It is chiefly due to the change of the lift of the tail plane; the travel of the 

center of pressure of the tail plane gives only a small rate of change of the moment. 

If a single aerofoil or a biplane is inclined to the direction of the relative velocity of the 

air, the effective angle of attack does not agree with the apparent or geometrical angle of 

attack. The direction of air in its immediate neighborhood can be affected by some other 

body, so that the aerofoil is in a downwash and it is always affected by the aerofoil itself, so 

that it is in a self-induced downwash also. The angle of the self-induced downwash or shorter, 

the self-induced angle of attack has the magnitude 6 

Cl St 
52- 7r 

wherein 

T 
cL denotes the coefficient of lift of the aerofoil • 

Sq 
St denotes the area of the aerofoil. 

6 denotes the maximum span. 

L denotes the lift. 

q denotes the dynamical pressure V2p/2. 
V denotes the velocity of flight, 

p denotes the density of air. 

(19) 

‘ See Technische Berichte I, p. 187. 
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The rate of change of the self-induced downwash with reference to the lift coefficient is, 

S 
accordingly, The rate of change of the entire angle of attack is the sum of this rate and 

dot 
the original rate, which may be written -r—• This original rate depends on the section and 

oCl 

indeed ought to be determined by model tests for the section used in the wings. It is not 
• bet 

always very variable, however, and for small angles is seldom very different from ^- = 10 for 

the angle in degrees, 10/57.3 for the angle in radians. This holding true especially for small 
^ 8ot 

angles of attack, it will be sufficient in most cases to assume ^- = 10/57.3 = 0.174 for the 

tail plane. It follows that a particular lift requires an angle of attack about '^*^q 

times as great as without the existence of the self-induced downwash. The aerofoil behaves 

like one having a decreased area without self-induced downwash. The factor of decrease is 

approximately ^ +1 83 S/b2' exac^ exPressi°n is 

1 

Vl ' , 8 " 1 _1 (20) 
1 ~ b2 ir daJdCj, 

The formula for the downwash of the wings is mentioned in the last chapter. Its rate of 

change with reference to the angle of attack depends on the section of the wings and on their 

effective aspect ratio b2/S. Introducing the effect of the self-induced downwash of the wings 

on their effective area, it is expressed by the formula 

1.8-4 

8ch 
8a 

8cl 
8a 

irb2 (1 + 1.83 S/b2) 

is the rate of change of the lift coefficient with reference to the angle, due to the section 

only, and is not very different from 57.3/10 as mentioned before. The last factor is the rate 

of change of the lift coefficient with respect to the real angle of attack, including the effect 

of the aspect ratio of the wings S/b2. For biplanes the first factor is smaller in the ratio 5:6. 

The effective angle of attack on the tail equals the angle of attack on the wing less the angle 

of downwash, i. e., 
ScL 

S 
da, 

where 

Hence 

= daw^l —1.8 
8a 

ttF 1 + 1.83 S/b2 

5cl 

)- Vi dav 

Vi= 1 — 1*8 
8a S 

trb2 1 + 1.83 S/b2 
(21) 

dcL. 

da^j 

dcL 

:ri2dat 

so that the factor, which indicates the decrease of efficiency of an aerofoil due to the downwash 

of the wings is V2 where again the factor 1.8 refers to monoplanes and is smaller by 17 per cent 

for biplanes. 
We have thus obtained the two factors, one due to downwash, self-induced, and the other 

due to wings, which give the effective area for statical stability, and for dynamical stability 

and damping also. The final valu^of at, since ^ = 5.7, is 

at = St‘5.7 Vi‘V2 (22) 

The effect of the slip stream is neglected. 
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The investigation of the dynamical stability in the first part of this report has shown 

that the airplane is stable even if the statical stability is zero. For this reason the statical 

stability may be ever so small if only there is no statical instability, and this is what the de¬ 

signers aim to obtain. The calculation of course seldom gives the exact value zero for the 

stability but there remains always some definite value. In order to see whether the stability 

obtained from the calculation is small or not, the period of the statical oscillation imagined 

may be calculated from (3). If this period is a considerable fraction of one minute the 

stability is certainly small. The coefficient of stability gives a measure of the magnitude of 

the stability. 

The preceding consideration gives exactly enough the size of the tail plane. We only 

need the dimensions of the airplane and the aerodynamical properties of the wing section. 

We will exemplify the method in the next part of this report; the reader will there convince 

himself that the whole calculation can be made in a fraction of an hour. We have to add 

still that the downwash is somewhat greater if the tail plane is very close to the wings; the 

formula given refers to the usual position. We realize thus that we have now determined, 

as it were, the statical moment of the tail plane surface St-l' The next chapter deals with 

the moment of inertia St-l2- 

9. DAMPING. 

We have seen in the general discussion of dynamical stability that the coefficient of stability 

cs indicates the degree of damping, c, = 0 indicates the limit of the statical stability though 

not at all that of the dynamical or real stability. A regular use of the elevator, however, requires 

a positive coefficient of stability. cs 5:1/4 indicates the beginning of oscillations. Now the 

designer does not have it in his power to obtain the exact slope of moment which he wishes, nor 

is it possible to obtain a constant slope of moment for all angles of attack. He wishes, therefore, 

to have the range for this slope sufficiently great—at least as great as that of other successful 

airplanes. Our theory of the coefficient of stability shows how one may increase the range. 

The coefficient of stability has the magnitude 

_ Vm V* k2 

Cs (dw k2-at l2)2 

and has to lie within a particular range, say, between 0 and 1/4. The range of vm, of the slope of 

the volume of moment is therefore proportional to the denominator (aw lc2~at Z2), where only 

the second term depends on the tail plane and its position. Whence, it follows: Take care and 
do not let the damping moment of inertia of the tail plane (at l2) become egual to that of the wings 
awk2. This means for practical cases, as we shall see: Do not make the fuselage too long. 

We proceed to consider the single terms which give the coefficient of stability. va was the 

volume of air which has twice the weight of the airplane. The specific weight of air is 0.080 

lbs./cu. ft., therefore veL = ^ = 25 IF where IF denotes the weight of the airplane in pounds. 

This holds true, however, only for small heights; at about 20,000 feet height the specific gravity 

is only half this value, as is well known, and according^ the coefficient of stability has twice the 

value as before. The airplane is damped much less than at small heights. 

7t is the ladius of gyration of the airplane with respect to the horizontal transverse axis 

through the center of gravity. 1c2 is the ratio of the moment of inertia to the mass of the airplane, 

and the moment of inertia is the sum of the mass of each single part of the airplane multiplied 

bj the square of its distance from the axis mentioned. The calculation of the radius of gyration 

has no theoretical difficulty whatsoever; it is performed by using the list of weights. Each 

factory has the radii of gyration of their airplanes and can estimate the radius for a new project. 

There are, however, very few data published, and for the example in the next part the author is 
forced to take an estimation less reliable. 
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Z is the distance between the center of gravity and the center of pressure of the tail plane. 

This center of pressure can be assumed to be constant at the first third of the chord. 

Introducing the effect of self-induced downwash, 

Q/w s _1 
8a S 
Scl ^rZ>2 ■dcL 

(23) 

as we have seen before. For the first estimation and especially for small angles, - a can be 
OCl 

considered to be constant and equal to 0.174. The denominator of (22) is independent then of 

the aerodynamical property of the wing section and depends only on the area and the shape of 
the wing. 

The slip stream effect is not taken into consideration in this formula for the slope of the tail 

plane moment. This problem is so complicated that it can not be treated properly theoretically. 

A series of experimental tests would be useful. We will show, however, that the change due to 

the angle of downwash of the slip stream theoretically neutralizes about half the effect of the 

change of the velocity in the slip stream. The increase of the velocity in the slip stream is 
approximately 6 

where 

w/V= 
1/2 T 

H27t/4 q 

T denotes the thrust of the propeller. 

D denotes the diameter of the propeller. 

q denotes the dynamic pressure of flight. 

The slip stream angle of downwash is given by equation (18), section 7, whence the rate of 

change with respect to the angle of the axis is seen to be 

1 T 
2 ZTtt/4 q 

Now the lift of the tail plane is proportional to the square of the velocity. Only half the effect 

is neutralized therefore. In reality it is often more than fully neutralized. The reason seems to 

be that the increase of speed is only inside the slip stream, the slip stream downwash also on 

top of it and below. See the very interesting results of R. & M. 629. 

10.’THE ASPECT RATIO. 

The last chapters gave information only as to at, the effective area of the tail plane. Now, 

the same effect can be obtained with a greater area and a smaller aspect ratio Z>2t/$t and with 

a smaller area and a greater aspect ratio. We have considered only steady flight and small 

deflections and even then we were compelled to neglect some difficult factors. Besides, the 

tail plane must give its effect under extraordinary conditions of flight. The maximum lift of 

the tail plane and its slope at high angles of attack chiefly depend on its area, and so does the 

maximum elevator effect, provided the elevator is allowed to rotate sufficiently. It can be 

assumed that, for a certain type, a particular maximum effect of the tail plane is necessary 

which can not be calculated but is given by experience. Now, if the wings have a small aspect 

ratio b2/S a great tail plane effect is required, and in this case it may be advisable to increase 

the effect of the tail plane by giving it a greater aspect ratio. If, however, due to a great 

aspect ratio of the wings and maybe also by the choice of a wing section of small instability, 

only a small tail plane effect is necessary and allowable, the choice of a small aspect ratio of 

the tail plane enables the designer to apply a great tail plane area without improperly increasing 

the stability. The aspect ratio of the tail plane ought to depend on the tail plane area desired, 

and this area, or, better, its product with the arm Z, can be determined only from experience. 

6 Report No. 114, National Advisory Committee for Aeronautics, 



76 REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS. 

11. THE SECTION. 

The influence of the section on the stability of the airplane is only indirect. In the pre¬ 

ceding discussion we have totally neglected it. It is known that the choice of an unsymmetrical 

section, however, has the effect of changing the angle of attack of the tail plane and in this respect 

is apt to change the equilibrium. The problem of the tail plane section is as difficult as that 

of the wing section. It is not so important, indeed, because the tail plane area is smaller than 

the wing area. That is one reason, we think, why almost no experimental work is extant on 

this subject, which is to be regretted, for this problem can only be solved by a great many tests. 

Figure 3, which is taken from a publication of the author on tests with flat tail planes,7 

shows that for small angles the curves are straight and parallel and can be described by two co¬ 

efficients. We have repeatedly mentioned that at small angles the lift is proportional to the 
angle and the lift coefficient is about 

Cl = a 
0.1 

i+JL 
x&2 

(«in degrees) 

A change of the setting of the elevator changes the effective angle of attack. If (3 is the angle 

o setting of the elevator, a should be replaced in this formula by (« + mfi), where m is a certain 

actor, m order to take into consideration the setting of the elevator at small angles. 

. The an&le of tlle elevator is measured in the same sense as that of the tail plane. This 
is t e o y natural method and the only one that leads to mathematical expressions which 

ave t e same meaning as usual. In all countries, accordingly, we find this method of meas- 

urmg t e setting of the elevator. We should not mention it as a matter of course if lately 

t ere a not appeared in this country one or two articles where the two angles are measured 
opposite to each other. 

1 Technische Berichte 1, p. 168. 
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The factor m depends chiefly on the ratio of the elevator area, E, to the entire tail plane 

area, including the elevator, St, and only slightly upon the section and the plan form, and can 

be written Jc E/St. If the tail plane consists only of an elevator, E/St =1; and then obviously 

Jc is one too. Experiments of the author, mentioned before, show that Jc for flat sections equals 

1.25 for E/St smaller than ~ For curved sections Jc seems to be greater. We could find one 

test only, the arrangement of which allowed an exact interpretation. This test was made by 

the aeronautical staff of the wind tunnel of the Navy Yard, Washington, D. C., and is not yet 

published. This test gives it = 1.7; the space between the stabilizer and the elevator was 

closed, however. The true factor seems to be between 1.25 and 1.75. This one test can not 

decide the question, nor does it contain anything on the moment of the elevator around the 
hinges. The lift coefficient of the tail plane is accordingly 

0.1 a-St + JcpE 

1+4 St (24) 
7TOt2 

a and 0 in degrees. 
12. THE SHAPE. 

The influence of the plan form of the tail plane defies calculation at present. Model tests 

show no great differences, nor does experience, for we find all kinds of shapes of the tail planes. 

Elevator with 
projecting balance 

F/'g. 5 

This does not include the influence of the aspect ratio, of course, which is discussed in the pre¬ 

vious chapters. 

Many elevators have a curved shape (fig. 4), for instance. There is one English publication 

(R. & M. No. 532) on full scale experiments with different shapes of tail planes. This author 

draws the conclusion from his experiments that a long rear edge is better than a long leading 

edge. A certain amount of damping of the elevator alone is necessary, and this damping is 

increased either by increasing the rear edge or by making it curved. A longer leading edge 

on the other hand decreases the hinge moment and the necessary deflection of the elevator for 

producing a particular lift. It seems to be generally known, but nowhere published, that if 

there is a projecting small part of the stabilizer in front of the counterbalancing part of the 

elevator it gives rise to oscillations and vibrations and ought to be avoided (fig. 5). 

The scarcity of scientific experimental work with respect to the tail plane and its parts 

is compensated for by the experiments of the designers and factories, for no part of the airplane 

is so easily altered and exchanged as the tail plane. These results are not published directly, 

but they are found implicitly in all descriptions of successful airplanes. It seems useless to make 

an abstract of them, for it could never replace the original information. 
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THE TAIL PLANE. 

PART III. 

THE TAIL PLANE OF JN4H. 

13. PREPARATION. 

A method of calculating the tail plane can be justified only by the result, that is, if it gives 

the right tail plane, no matter whether the assumptions which are the foundation of the method 

are in reality facts or only fictitious. A quite exact agreement is not to be expected at all from 

our method, the calculation being too much simplified. But the result itself will be so much 

the better and the method the more natural, the more closely the fictitious phenomena are 

made to agree with the real ones. In order to give to our readers an opportunity to examine 

the exactness of the method, we choose as an example the JN4H. This airplane is already 

known to the regular readers of the National Advisory Committee for Aeronautics reports from 

reports Nos. 70 to 96. It happens that Mr. F. H. Norton has just finished a long series of tests with 

this airplane, and has determined the forces on the tail plane for many conditions of flight by 

measuring the pressure distribution over the tail plane. This very valuable and instructive 

paper furnishes us with some material for the comparison. 

We have the following needed data on the airplane JN4H: 

Upper main plane, area 
Lower main plane, area, 

Stabilizer, area- 
Elevator, area.., 

Maximum span of wings_ 
Maximum span of tail plane 
Chord. 
Gap. 
Stagger. 
“Length of fuselage”. 

203 sq. ft. 
150 sq. ft. 

8 = 353 sq. ft. 
28. 5 sq. ft. 

E = 21.8 sq. ft. 

s = 50.3 sq. ft. 
b = 43.6 ft. 

&t = 10.26 ft. 
c = 4.96 ft. 

4. 96 ft. 
1.46 ft. 

? = 15.8 ft. 

Center of gravity behind leading edge: 

Upper wings. 
Lower wings. 
Weight. 
Horsepower. 
Radius of gyration. 

2.5 ft. 
1.04 ft. 

W= 2, 281 lbs. 
150 h. p. 

The angle between the two main planes is zero. A small difference would considerably 

change the stability in consequence of the stagger. 

From these data we obtain the ratios 

S/b2 = 353/43.62 = 0.186 = 1/5.38 (wings) 

St/bt2 = 50.3/10.262 = 0.48 = 1/2.1 (tail plane) 
stagger 
-5^3—1.46/4,96 = 0.3 
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Mean center of gravity position; i. e., mean of ratio of distance from leading edge to chord 

Upper wing 2.5/4.96 = 0.51 

Lower wing 1.04/4.96 = 0.21 

Load per unit area W/S = 6.5 lbs./sq. ft. 

For the calculation of the mean center of gravity position it is not sufficient to take into 

203 
account the fact that the upper wing area is = 1.35 greater than the lower wing; for at great 

angles of attack the upper wing, being in front, produces more lift than the lower does. The 

author found by experiments that for a stagger of 50 per cent of the chord this increase is about 

20 per cent.8 In our case we may assume, therefore, 20X30/50=12 percent. Whence we 

obtain the mean center of gravity position 

0.21+ (0.51X1.35X1.12) 

1 +(1.35X1.12) 

But this is not all. The ratio of the lift of the upper wing to that of the lower wing is constant 

only for great angles of attack. For small angles the ratio is variable and depends considerably 

on the angle between the two wings. For parallel wings an additional instability results, and 

there is not yet known a method to calculate this, and we need a model test with the two main 

planes united to one model. It would be better still to have a test with the entire airplane, the 

tail plane excepted. Not having these tests, we must see how we can make the best of it and 
try to calculate the instability. We must content ourselves with a very imperfect method. 

We hope to have opportunity to discuss these questions more exactly in a later paper. They 

are indeed very loosely connected with the subject of this paper. From the experimental re¬ 

sults mentioned it is seen that the moment curve of staggered biplanes is almost straight at its 

lower end. Besides, the inclination seems slightly greater than for no stagger. Accordingly, 

we will change the moment curve by adding a small increment of moment as can be seen in 
figure 7. 

We need finally the aerodynamic properties of the wing section. The section is very 

similar to Eiffel 36 (N. A. C. A. Report No. 93, p. 70). The travel of the center of pressure 

* Technische Berichte II, p. 187. 
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given there has to be transformed into the coefficient of the moment, and, for convenience, 

we will take this around the leading edge. Figures 6 and 7 give the angle of attack and the 

coefficient of moment around the center of gravity each plotted as abscissae against the coeffi¬ 

cient of lift. In order to obtain the values of angle of attack and cm referred to leading edge 

for our particular airplane, we have to replace the two axes of ordinates by oblique straight 

lines through the origin and to measure the values of a and cm by the horizontal distances of 

the curves to this line instead of to the original vertical axis. The new axis of the curve of 

the angle of attack runs through the point cL = l, 
57.3 

The new axis for the 

moment diagram runs through cL = l, cm = 0.39 (the position of the mean center of gravity). 

We want chiefly the slopes of the two curves. These slopes equal the original slopes increased 

by the slope of the new axis, that is to say, by constant values. 

14. EQUILIBRIUM. 

The diagram of moment shows the coefficient of moment to be zero at cL = 0.70. The 

diagram of the angle of attack gives for cL = .70 the angle a = 5.5°. The downwash, according 

to our formula, is 

57.3 Cl Sjb2 I/tt-1.6 

57.3 0.70 1/5.38* l/ir* 1.6 = 3.8° 

The difference is 5.5° — 3.8° = 1.7° 

The actual angle as observed was 2°, showing satisfactory agreement. 

15. STATICAL STABILITY. 

The examination of statistical stability consists in calculating the volume of stability vt 

dc^jdc^ 
vm = - S-c 

da/dCi 
-l-at 

From the two diagrams we take 

CL . 20 .40 .60 

o
 

oc 

dcm 1 _ 
j • io 
dci. 

. 18 . 18 . 19 

+ .21 
dct 

. 22 .26 .37 

vm—1500, -1430, -1210, -940 

Factor of downwash 77, = 1 — *‘5 = 1 — r of* ' 
xua/acL 5.38-7T V2: 

.55 .57 .64 

Factor due to self-induced downwash 

1 

da/dci 

.74 

771 = 
1 + 1.83 S/b2 1 + 1.83/2.1 

= .53 

at= St • 5.7 X factor of downwash X factor of self-induction. 

«t= 50.3 X 5.7 X factor of downwash X factor of self-induction. 

Hence 

‘. at= 835 866 960 113 

<xtZ= 1320 1370 1520 1790 

vm= -180 -60 + 310 + 850 

»Technische Beripltfe II, p, 187; N. A. C. A. Report No. 114. 
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It appears that the statical stability is considerable for great lift coefficients, that is, for 

small velocity. For high velocity the airplane is statically unstable. The length of the path 

of flight for an increase of amplitude to the “e” fold is for vm = —180 cu. ft. 

The velocity is 

/ va_ /36X 2281X25 
V Vm V 180 

L/S • 850 

Cl 

6.5X850 
.20 

= 165 ft./sec. 

The time corresponding to the path 107 feet is 107/165 = 0.66 second. This would be a short 

time only. The investigation of the dynamical stability will show, however, that the insta¬ 

bility is damped out. Before proceeding to it we will compare the values obtained of vm with 

those obtained from the actual flight. We think this test and its interpretation to be so impor¬ 

tant that it is worth while to discuss it in a special section. 

16. CALCULATION OF STATICAL STABILITY FROM FREE FLIGHT TESTS. 

The free flight of an airplane allows one to determine experimentally its statical stability 

by a very simple method. There are almost no preparations necessary for this test; every 

pilot can perform it, and the result is so important that the test ought to be made quite general 

with each new type. Up to now it seems to be made only occasionally. 

The desired information is obtained from the observation of the position of the elevator 

for a series of velocities and of constant revolutions of the engine. Tests can be made at several 

numbers of revolutions. This observation of the elevator can easily be made, for instance, by 

observing the position of the control. The velocity and the density or the pressure of a Pitot 

tube ought to be determined too. It is hardly necessary to discuss the details of this simple 

test. The interpretation is founded on the fact that for an indifferent airplane the elevator 

would always have the same position for any steady flight. A change of the position of the 

elevator indicates an additional moment, and this moment can be calculated exactly enough 

from the proportions of the airplane if the change of the setting of the elevator is known. 

The moment is the same as if the airplane had no fixed stabilizer, but only the elevator increased 

by 25 to 50 per cent, according to the section and with the same aspect ratio as the entire tail 

plane and as if this fictitious elevator has rotated by the same angle. The subject is discussed 

in section 11. Let E be the area of the elevator and l the distance of the tail plane from the 

center of gravity. The volume of moment produced by the change of the elevator position 
is then approximately 

5.7 El 
1 + 1.83 St/bt2 

Tr _ 5.7 E l dp 
Vm~lTL83d5U/&7 dcd wJiere P denotes the position of the elevator. We take the re¬ 

quired data from the report mentioned, by Norton. As an average from his approximate 

diagram, we draw a diagram where the set of the elevator is plotted against the velocity. The 

density of air is not given; we therefore take the normal density, the tests not being performed 

at a very great height and small differences of the density being of no importance. We recom¬ 

mend, however, for future tests that one always determines the dynamic pressure or the velocity 

or the density of air. From this diagram we take the first two lines of the table below and 

calculate the dynamic pressure and the coefficient of lift. The dynamic pressure is 

^=1/390 V2 lbs./sq.ft, if the velocity V is in mi./hr. The lift coefficient is Cl—-^—-’ For 

each lift coefficient we take the angle of attack from the diagram (fig. 6). Now we determine 

from a diagram the slope of the set of the elevator against the angle of attack. 
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The slope vm of the volume of moment is calculated from the last formula. 

20 40 

a -1. 6 1. 1 

dp 

da 
0. 7 0. 45 

vm = 15. 8 X 21. 8X1. 25 

60 80 

3. 9 7. 6° 

-0. 08-0. 16 

5.7 d/3 

1 1.83 da 

+ 2717 

We obtain 

.'.^=—180 —60 +310 +850, whereas 

vm=—920 —590 +105 +210 (from flight tests) 

The agreement is not so very bad, inasmuch as the general type agrees. It is difficult to say 

which values are better, or, better said, worse. Our first calculation is not satisfactory because 

we had to change the curve of the moment coefficient somewhat arbitrarily. The values from 

the free flight test are qualified by the investigator himself as “approximately.” But this 

lack of special data makes the method not less useful and our general discussion not less suited 

for general application. We think that first the method must be developed; afterwards it is 

not difficult to obtain the data for its application.10 

This coefficient is 
17. THE COEFFICIENT OF STABILITY. 

vmvjc2 
Cs= (aw¥ - atl2)2 

We assume Ic, the radius of gyration, to be 6 ft., not knowing it more exactly. vm and at are 

calculated already in the section on the statical stability. va = 25 TT=25 * 2280 = 57,000 cu. ft. 

There remains only aw = SJ -y—, which differential quotient is also contained in the section on 

statical stability. We obtain thus the following table: 

A 0. 20 0. 40 0. 60 0. 80 

<xw 1760 1600 1360 955 

awTc2 63, 500 57, 600 49, 000 34, 400 

83. 5 86.8 95. 8 113 

atl2 20, 900 21, 700 23, 600 28, 250 

(awlc2-atl2) 42, 610 35, 900 25, 400 6, 150 

a^k2laP? 0. 31 0. 38 0. 48 0. 82 

Denominator 

1, 000, 000 X 1770 1290 665 38 

-180 -160 310 850 

Numerator 

1,000, 000 + -370 -329 635 1750 

-0. 2 -0. 23 0. 97 46 

That is to say, at a high velocity c. 3 is slightly negative, and in the range of ordinary flight cs is 

smaller than 1/4 and each oscillation is damped out. At high angles of attack cs grows very 

large in consequence of the denominator becoming almost zero. This only means oscillatory 

motion. It is chiefly due to the change of the slope of the well-known curve of the angle of 

attack against the lift coefficient. The damping moment of inertia of the wing aw grows smaller 

and that of the tail plane greater. Their ratio is put into the table. The smallest ratio in the 

table is 0.31. The limit of stability for that ratio is — 0.31/(1 — 0.31)2 = —0.716. This is con¬ 

siderably greater than cs, and therefore the airplane turns out to be stable for all lift coefficients 

investigated. 

10 The question is also discussed by Rota, “ Metodo per la determinazione sperimentale del coefficiente di stabilita longitudinale dei velivole.” 
This test gives the same result—statical stability for low velocity and instability for high velocity. 
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18. CONCLUSION. 

Our theory of stability lies in between the imperfect calculation of statical stability only 
and the bulky theory of Bryan, Bairstow, and others. We believe that the simplified theory 
gives as good results as the latter. For the present, at least, our theory is more than sufficient 
considering the lack of knowledge of the aerodynamical properties. Our theory is the natural 
continuation of the statical procedure; the more complicated theory can be developed from 
ours, but we think, for scientists only, when all doubts about the coefficients have vanished. 

It is remarkable that the coefficient most difficult to be obtained is that one which is also 
the foundation of the statical theory—vm. Everything than can be said against the preceding 
calculation with respect to the uncertainty of the values proves nothing against the application 
of the coefficient of stability but holds true for any calculation of stability. The missing infor¬ 
mation on the radii of gyration can easily be obtained if there is general interest to procure it. 

We think that the question of longitudinal stability and the necessary proportions of the 
tail plane are not settled by the previous discussion, but, rather, only begun. To investigate 
the stability of as many airplanes as possible in accordance with the discussion and to procure 
all information concerning the quantities occurrinor—-that, we think, ought to be the next aim 
for solving the problem of the tail plane. 
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PART IV. 

THE STRUCTURAL STRENGTH. 

19. STATIC TESTS. 

The tail plane is a small wing with a changeable section. The maximum forces per unit 

area on the tail plane are not very much smaller than those for the wings, although the forces 

on it during an ordinary steady flight are, or at least ought to be, smaller. The angle of attack 

is not very much smaller than that of the wings and the difference is neutralized by the greatest 

possible deflection of the elevator. At high angles of attack of the entire airplane the downwash 

decreases the effective angle of the tail plane and the greater aspect ratio of the tail plane has 

the same effect. But there are conditions imaginable when, in spite of it, the tail plane experi¬ 

ences a greater force per unit area than the wings. The only factor which definitely gives 

rise to a smaller maximum lift is the section of the tail plane, which has generally a smaller 

maximum lift coefficient. In accordance with this, the different specifications prescribe a 

smaller specific sand load for the tail plane than for the wings. For instance, the United 

States Army examines small airplanes with a sand load of 35 lbs./sq. ft. on the tail plane, but 

with eight times the unit load, i. e., about 6 lbs./sq. ft., which gives about 50 lbs./sq. ft. sand 

load for the wings. 

There have been several investigations of the pressure distribution of different tail planes 

under different conditions. Norton measured a maximum average pressure of 2.3 lbs./sq. ft. 

But in the tests described he investigated only steady flight conditions, and the differences 

of the absolute maximum specific lifts are likely to be smaller. The tests show an odd and 

somewhat irregular distribution of pressure; it is almost surprising that the entire lift, the 

integral of these pressures, is so regular a function. The truth is, however, that the integral 

is not merely the sum, but it is subjected to particular physical laws, and it is not only the 
consequence but also the cause of the pressure distribution. We find similar phenomena in 

many parts of applied physics, for instance, the distribution of stresses or of brightness in 

several directions. Most of the results of the investigation of the pressure distribution refer 

to small lifts and hence are not applicable to our present problem. These distributions at 

the same time are the more irregular ones, as is to be expected. 

The magnitude of the pressure at one particular point of the surface is not important in 

the consideration of the stresses in the structure. The cover will always be strong enough, 

and the sand load tests do not even try to test these sorts of stresses. There is always an 

uncertainty about the forces on the linen, for they depend on the pressure inside, and this 

pressure is generally not known. The pressure over small parts of the surface affects only 

the secondary members of the structure—the ribs. They are mostly strong enough, and the 

cover tends to distribute the differences of pressure and to neutralize them partially. Nor is the 

breaking of one rib the chief danger. The stresses of the primarily structural members of 

the beams depend almost solely on the magnitude of the entire force and on the position of 

its center of pressure. The moments of the pir forces, while their sum is small, are not danger¬ 

ous. Now there is no reason why the center of pressure at high lift should be situated very 
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far from its ordinary place; that is, the first third of the chord, the elevator included. The 
tests confirm this rule. The transversal center of pressure lies, roughly speaking, near the 
center of gravity of each side. The most natural method for performing the sand load test 
is, therefore, the application of the same rules of distributing the load as with the wings. There 
is no advantage in examining too carefully the method of distributing the sand, if only the 
center of gravity is in the right place, for the pressure produced is irregular and in no way in 
strict conformity with the distribution of the sand. The elevator, indeed, ought to be examined 
separately, too, chiefly in order to test the different contrivances for its rotation. 

There is one particular condition of steady flight where the forces on the tail plane are 
considerable. This is flight vertically downwards, as occurs in air fights. For the calculation 
of the force on the tail plane we need the moment coefficient for zero lift11 and also the drag 
coefficient; the knowledge of the center of pressure is less useful. The entire airplane is 
carried by the drag of the wings and that of the other parts, and we can calculate in each single 
case the fraction of the entire weight carried by the wings. The lever arm for that fraction is 

c 
c*—; that is, the chord multiplied by the ratio of the two coefficients mentioned. This arm, 

CD 

muitiplied by the share of the wings in carrying the entire weight, gives the lever arm for the 

force equal to the entire weight, and the force on the tail plane has to produce the same moment 

around an axis lying in the wings. The resulting lever arm is sometimes equal to the chord, 

but can be as great as 2.5 chords. It depends on the type of the airplane and on the section. 

The prescribed safety can be smaller than that resulting from this calculation. The designer 

ought to give attention to this fact and choose a proper section, and the examination ought to 

be extended to this point. 

20. THE OSCILLATIONS. 

A phenomenon not yet much investigated, which tends to increase the structural stresses, 

is that of the oscillations and vibrations. The tail plane is more subject to them than the wings. 
There are two different kinds. 

The motion of the passing air generally is not perfectly steady, even if the flight is. It 

changes rhythmically, and so does the force produced by the motion. The period depends on 

the shape of the body and on the velocity; it is l/V, where l denotes a characteristic length. 

This length is never very different from the transverse dimension of the body—in this case the 

thickness of the tail plane. There are not many experimental investigations on it.12 The 

oscillation is only dangerous if its period agrees with the period of oscillations of the body the 

force acts on. Assuming the velocity to be 150 ft./sec. and the characteristic length 3 inches, 

we should obtain 150/0.25 oscillations—that is, 600 oscillations per second. That is very high, 

and, therefore, this kind of oscillation will generally not be dangerous. The period may, how¬ 

ever, be greater at the burble point of the elevator. This kind of oscillation and the stresses 

arising from them can not be examined by moving the tail plane through water. The period 
is increased then and so is the damping of the water. 

IVfoie important than these oscillations are those whose period is determined by the dimen¬ 

sions of the tail plane and whose amplitude is increased by the air forces. It is not possible to 

discuss all possible oscillations of this kind generally; each one must be examined with respect 

to the sign of the damping by air. As an illustration, consider a tail plane with two beams 

and let their proportions and the distribution of mass be such that the two beams have the 

same period of elastic oscillation. If they oscillate at the same time, but the beam in front is, 

say, 90 ahead in phase, the lift of the tail plane is greater when it moves upwards than when 

it moves downwards, and thus the air forces will increase the amplitude. The stresses can 

grow so intense that a fracture occurs. Whence it follows that the two beams, or their ends, 

must not ha\e the same period. I his oscillation and several other ones can not be discussed 

thoroughly without exact information for each single case. We, therefore, must confine our- 

11 Unfortunately the tables of the N. A. C. A. Reports Nos. 93 and 121 do not contain this 
12 See paper by de Bothezat, N. A. C. A. Report No. 97. 

very important coefficient. 
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selves to this general remark. It will be favorable with respect to such possibilities if the 
deflections are small, and it will be possible perhaps to decrease the prescribed load if the de¬ 
flections at the same time are limited. The question of such oscillations ought to be examined 
experimentally by observing all possible kinds of oscillations and measuring their periods and, 
if possible, their damping. It is only then that a more detailed discussion can be made, and 
that we are less likely to forget the most important type of oscillation. 

21. CONCLUSION. 

There are many things concerning tail planes which we have not mentioned or not thor¬ 
oughly discussed. The last part of this paper in particular is comparatively short, but the 
things discussed in it can not be decided without more experiments. We have tried to bring 
out only such matters as are not well known. 

53006—23-7 
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PERFORMANCE OF MAYBACH 300-HORSEPOWER AIRPLANE ENGINE. 

By S. W. Sparrow. 

INTRODUCTION. 

This report, which was prepared for the Engineering Division of the Army Air Service and 
submitted to the National Advisory Committee for Aeronautics for publication, deals with the 
results of a test made in the altitude chamber of the Bureau of Standards upon a Maybach 
engine. The engine was submitted by the Engineering Division of the Air Service according 
to their policy of obtaining reliable measurements of the altitude performance of engines which 
have proved unusually satisfactory in service, or which embody features of design that appear 
to be of particular value for altitude work. The test program is not arranged with a view to 
making measurements under conditions numerous and varied enough to make it possible to 
predict accurately the performance of the engine under all conditions which may arise. Its 
aim is rather to measure the performance under typical service conditions in order to determine 
whether the engine gives sufficient evidence of superiority in any phase of performance to 
warrant further study. 

TESTING OF ENGINE. 

The engine tested was No. 2026. It has six vertical water-cooled cylinders with a bore ol 
6.50 inches, a stroke of 7.09 inches, and a compression ratio of 5.9. A complete description 
of this type engine is given in Power Plants Report No. 49, of the Engineering Division. In 
addition, the engine has been described in several automotive journals.1 It will be noted in 
these descriptions that the carburetor is unusual in many features of design and these must be 
borne in mind in interpreting the results. The design is such that all adjustments of air-fuel 
ratio are effected by a group of rods and levers which simultaneously change the area of the 
fuel orifice and the areas of the main and a supplementary air passage. This air-fuel i atio control 
system is interconnected and can not be operated independently of the throttle. Hence, any 
change in the quality of the charge is accompanied by a change in the quantity of charge. 

Tests were made in the altitude chamber of the Bureau of btandards where controlled condi¬ 
tions of temperature and pressure can be made to simulate those of the desired altitude. A 
description of this chamber and the measuring apparatus is given in Report No. 44, of the 
National Advisory Committee for Aeronautics. 

In all tests a mixture of 20 per cent benzol and 80 per cent X gasoline was used.2 This 
addition of benzol was for the purpose of preventing preignition at air densities conesponding 
to ground level and was used at the other densities to make all results uniform in so far as the 

fuel was concerned. 
Runs were made at engine speeds of 1,000, 1,200, 1,400, and 1,600 r. p. m. at air densities 

corresponding to ground level and altitudes of 5,000, 10,000, 15,000, 20,000, and 25,000 feet. 
These runs were made at full power. At the same densities, propeller-load runs were made, at 
speeds of 1,200 and 1,000 r. p. m. The load at these speeds was adjusted to equal that which 
would be imposed by a propeller so proportioned as to absorb the full power of the engine at 

i “Aviation,” Oct. 15, Nov. 1, Nov. 15, 1918. “Automobile Engineer,” September, October 1918. “Automotive Industries,” Oct. 31, Nov. 

7,14, 21, 1918. 
« X gasoline conforms to United States Government specifications for aviation gasoline, 
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1,400 r. p. m. In selecting these loads, it is assumed that the power required to drive a pro¬ 

peller varies with the cube of the speed and hence the brake hoisepower at 1,200 r. p. m. = 

1,2003 (b h p at 1,400). Friction-horsepower runs were made at all conditions of speed and 
1,4003 . - 
altitude at which full-load measurements were obtained. At air densities corresponding to 

ground level and altitudes of 15,000 and 25,000 feet tests were made at various intake air tem¬ 

peratures. Such tests indicate the power changes likely to result from a given change in tem¬ 

perature. Their more important function is to disclose any fault of engine performance that 

might appear only at certain temperatures. 
Kesults are for the most part presented in the form of curves. Full-load brake-horsepower 

and brake mean effective pressures are given in figures 1, 2, 3, and 4. It must be remembered 

that full load does not necessarily mean with wide-open throttle in this engine. As mentioned 

previously, the carburetor is so constructed that opening the throttle has a twofold effect, 

the first being to increase the quantity of charge supplied the engine, the second to increase 

the air-fuel ratio. It was only at air densities corresponding to altitudes higher than 15,000 

feet that maximum power was obtained with the throttle fully opened. 

Friction-horsepower curves, shown in figures 5 and 6, include one made at ground level 

density, at part throttle. From this and the one made at full throttle at the same density, 

the relation of friction horsepower to manifold suction, shown in figure 6, has been determined. 

Previous experiments justify the assumption of a linear variation in friction over this range of 

suctions. 
The purpose of this curve showing the relation of frictiojo horsepower to manifold suction 

is to make possible the determination of friction horsepower for the full-load runs in which 

the throttle was not wide open. In such determinations the first step is to find from the 

plotted curves the difference between the manifold suction on the power run and that obtained 

at the same speed and air density at full throttle on the friction run. The next step is to 

increase the friction horsepower at full throttle by an amount equal to the increase in friction 

horsepower produced at the same speed at ground level density by the same change in manifold 

suction. This correction never constituted more than a small percentage of the total friction, 

and hence extreme care in its computation was unnecessary. From the results obtained at 

full throttle at the air density corresponding to 5,000 feet, the throttle appears to have been 

adjusted so that the mixture at 1,400 and 1,600 r. p. m. was considerably leaner than at 1,000 

and 1,200 r. p. m. The dash lines in figures 8, 9, 16, and 17 indicate probable values had the 

air-fuel ratio been the same at all speeds^as at 1,000 and 1,200 r. p. m. Full lines represent 

results as measured. 

One feature of engine performance that is of particular interest is the percentage of the 

power developed at ground level that is obtained at various altitudes. Figures 10 and 11 

show this relation at engine speeds of 1,000, 1,200, 1,400, and 1,600 r. p. m. In figure 12 

there is a similar comparison between the Liberty 12, Hispano “300,” and Maybach at 1,600 

r. p. m. The curves are not strictly comparable, inasmuch as the Maybach was tested at a 

constant air temperature, while the other two engines were tested at temperatures which were 

different for each density, the lower temperatures occurring at the lower densities. Had all 

engines been tested under the same temperature conditions, slightly higher percentages would 

have been obtained with the Liberty and Hispano engines. At an air density of 0.035 the 

amount of this increase would probably be sufficient to raise the percentage of indicated horse¬ 

power from 38 to 40 and that of brake horsepower from 31 to 34. 

At air densities corresponding to altitudes up to and including 15,000 feet there was ample 

carburetor adjustment; that is to say, the engine gave its highest power at throttle positions 

less than wide open. So small were the differences in specific fuel consumption at these lower 

altitudes that in some instances bands have been drawn to include all of the results rather 

than individual curves for each set of conditions. The lower heating value of the fuel used 

was 18,320 B. t. u. per pound, and the per cent thermal efficiency based on this value may 

be obtained by dividing 13.87 by the fuel consumption in pounds per horsepower hour. 
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Figure 14 shows that the specific fuel consumption based on indicated horsepower is com¬ 
paratively high at air densities of 0.029 and 0.036. Hence, at these densities the high specific 
fuel consumption in terms of brake horsepower, as given in figure 13, can not be due entirely 
to low mechanical efficiency. That it arises largely from lack of adequate carburetor com¬ 
pensation is confirmed by the air-fuel ratio curves of figure 18. The erratic nature of these 
curves may he attributed to the manual adjustment of the mixture ratio up to and including 
an air density of 0.044. In the conventional carburetor design, where the mixture adjustment 
changes the rate of gasoline flow but does not seriously affect the rate of air flow, it is difficult 
to adjust for maximum power with minimum fuel consumption, because a large change in air- 
fuel ratio produces a comparatively small change in power. Enriching the mixture usually 
decreases the power less than a similar amount of impoverishment, and the tendency is there¬ 
fore toward a mixture too rich rather than too lean.. In the carburetor used in these tests, an 
enriching of the mixture is always accompanied by a decrease in the amount of charge received 
by the engine and hence results in a much greater decrease of power than is the case with the 
conventional carburetor. When the mixture is made lean the reverse is true, the engine receiv¬ 
ing a greater charge and hence sustaining a smaller power decrease. Hence, although this car¬ 
buretor does not make less difficult the adjusting for maximum power with minimum fuel 
consumption, it does have the marked advantage that any error in adjustment always tends 
in the direction of leanness rather than richness. Moreover, it is so designed that maximum 
power is attained with a leaner mixture than that which would produce maximum power if 
the same amount of it could be supplied the engine as of the leaner mixture. This makes for 
high efficiency, since the highest efficiency is always obtained with a leaner mixture than that 
which gives maximum power. 

In the calculations of heat distribution as presented in figure 20, the higher heating value 
of the fuel, 19,780 B. t. u. per pound, has been used, since in the calorimetric measurement of 
exhaust heat the water vapor resulting from combustion is condensed. No consideration has 
been given to the power developed by the combustion of the lubricating oil because of lack of 
information as to how much of the oil consumed is actually burned on the power stroke. 

Figures 23 and 24 show that under propeller loads, reductions in speed produce a rapid 
decrease in air-fuel ratio and, hence, a rapid increase in specific fuel consumption. 

CONCLUSIONS. 

From the standpoint of thermal efficiency the full-load performance of the engine is excel¬ 
lent at densities corresponding to altitudes up to and including 15,000 feet. The brake mean 
effective pressure is rather low even at wide-open throttle. This tends to give a high weight 
per horsepower, inasmuch as the weight of many engine parts is governed by the size rather 
than the power of the engine. At part load the thermal efficiency of the engine is low. Judged 
on a basis of performance the engine’s chief claim to interest would appear to lie in the car¬ 
buretor design, which is largely responsible for its excellent full-load efficiency and for its poor 
part load efficiency. 
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REPORT No. 135. 

PERFORMANCE OF B. M. W. 185-HORSEPOWER AIRPLANE ENGINE. 

By S. W. Sparrow. 

INTRODUCTION. 

This report, which was prepared for the Engineering Division of the Army Air Service and 

submitted to the National Advisory Committee for Aeronautics for publication, deals with a 

test made in the altitude chamber of the Bureau of Standards upon a B. M. W. (Bavarian 

Motor Works) engine. The engine was submitted by the Engineering Division of the Air 

Service for test according to their standard program of altitude tests. In preparing this pro¬ 

gram it was the purpose of the Engineering Division to subject engines to conditions sufficiently 

typical of those encountered in service to reveal any feature of superiority which would warrant 
further investigation. 

TESTING OF ENGINE. 

The engine has six vertical water-cooled cylinders with a bore of 5.90 inches, a stroke of 

7.09 inches, and a compression ratio of 6.7. Report No. 1350 of the Engineering Division 

describes the engine. Descriptions have appeared also in some of the automotive journals.1 

The engine is not designed for full-throttle operation at ground-level densities. In fact, because 

of the high-compression ratio, such operation with ordinary aviation gasoline is likely to result 

in preignition. Throughout the ground-level tests made at the bureau the throttle was so 

adjusted as to give an absolute manifold pressure of 24 inches of mercury. McCook Field 

experiments had shown that no preignition would result under these conditions. The method 

of air-fuel ratio control is such that changes in charge quality are accompanied by changes in 

charge quantity. Both the quantity of charge received and its quality influence the amount 

of power developed. However, at all densities lower than 0.064 pounds per cubic foot, and 

even at this density at all speeds above 1,000 r. p. m., maximum power was obtained with the 

throttle wide open, the position which gave the leanest mixture the carburetor permitted. 

Hence, at these densities, the necessary compensation was secured only in so far as the carbu¬ 

retor gave inherent compensation for the changes in air fuel ratio which usually result from 

changes in air density. 
Tests were made in the altitude chamber of the Bureau of Standards, where conditions 

of temperature and pressure can be so controlled as to simulate those of the desired altitude. 

Both the test chamber and the auxiliary apparatus have been described in detail in Report No. 

44 of the National Advisory Committee for Aeronautics. 
The fuel used in all tests was X gasoline.2 Its higher heating value is 20,320 B. t. u. per 

pound and its lower value 18,940 B. t. u. per pound. 
Runs were made at engine speeds of 1,000, 1,200, 1,400, and 1,600 r. p. m. at air densities 

corresponding to ground level and altitudes of 5,000, 10,000, 15,000, 20,000, and 25,000 feet. 

In addition to these runs which, with the exception of those at ground level, were all made at 

full power, propeller runs were made at speeds of 1,200 and 1,000 r. p. m. The load at these 

speeds is that which would be imposed by a propeller so proportioned as to absorb the 

full power of the engine at 1,400 r. p. m. In selecting these loads it is assumed that the 

power required to drive a propeller varies with the cube of the speed and hence b. h. p. at 

1200 = x (b. h. p. at 1,400 r. p. m.). Friction horsepower determinations were made under 

i "Aerial Age," September 13, 1920. a X gasoline conforms to U. S. Government specifications for aviation gasoline. 
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all the conditions of speed and altitude at which full-load measurements were obtained. At 

air densities corresponding to ground level and altitudes of 15,000 and 25,000 feet a series of 

runs was made at various carburetor air temperatures. Such a series indicates, for a given 

engine, the amount of change in brake horsepower likely to result from a known change in 

temperature. Its chief purpose is to reveal any fault of engine operation that may exist only 

within a definite range of temperature. 
Results are presented in the accompanying curves. In examining the full-load curves it 

must be remembered that the runs at ground-level density were at partly closed throttle. This 

accounts for the fact that the powers and mean effective pressures at an air density of 0.064 

pound per cubic foot are higher than those at a density of 0.072. In figures 3, 4, and 8 it will 

be noted that mean effective pressures and horsepower vary almost linearly with changes of 

air density from about 0.055 to 0.030, but that the power at an air density of 0.065 is less than 

would be expected from this linear relation. In spite of this low power, or more likely because 

of it, the fuel consumption in pounds of fuel per horsepower hour (shown in figs. 10 and 11) is 

very low. A probable explanation is that the mixture at this density was considerably leaner 

than that which would give maximum power were it possible to change the air-fuel ratio with¬ 

out changing the quantity of charge supplied to the engine. It is well known that maximum 

engine efficiency, minimum specific fuel consumption, is obtained with air-fuel ratios consider¬ 

ably greater than those which give maximum power. With this engine maximum power was 

obtained at this air-fuel ratio because a lower ratio could have been attained only by decreasing 

the amount of charge furnished the engine so much as to overbalance the gain from the higher 

power-producing ability of the richer mixture. 
In addition to the full throttle friction runs of figure 5 two series of runs were made at part 

throttle at ground-level density. From these the lower curves of figure 6 were obtained, showing 

the relation of friction to manifold depression. Since the power runs at ground-level density were 

all made at reduced throttle, the friction horsepower corresponding to the measured manifold 

suction is selected from this lower set of curves of figure 6. 
Figs. 10 and 11, giving the fuel consumption in pounds per brake horsepower hour and per 

indicated horsepower hour, both indicate a mixture giving high efficiency at an air density of 

0.064 and mixtures increasing in richness with decrease in air density. A remarkably low value 
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of fuel consumption—0.41 pound per b. h. p. hour—is obtained at 1,200 r. p. m. at an air density 

of 0.064 pound per cubic foot. The thermal efficiency based on the lower heating value of this 

fuel may be obtained by dividing 13.45 by the specific fuel consumption. This gives a brake 

thermal efficiency of 33 per cent and an indicated efficiency of 37 per cent at the above speed 

and density. In spite of the fact that the carburetor adjustment does not permit the air-fuel 

ratio of maximum economy to be obtained at air densities lower than 0.064, the economy is 

superior to most engines tested thus far, even at a density (0.03) corresponding to an altitude 

of 25,000 feet. 

Air flow as measured gave volumetric efficiencies ranging from 67 to 80 per cent at full 

throttle, the higher efficiencies occurring at the lower speeds. In general, the air measurements 

showed a rather erratic behavior. The fact that this erratic behavior was not paralleled by 

similar variations in engine power indicates faulty air measurements rather than real peculiari¬ 

ties of air flow. The arrangement of piping for measuring air flow included a considerably 

greater number of joints than is ordinarily necessary, and it is likely that leakage at some of 

these joints accounts for whatever errors may exist. Since the air flow data do not appear to 

merit the confidence that can be placed in the other measurements, it should be noted that 

the only other plotted values that are affected by errors from this source are the air-fuel ratios. 

In calculating the heat distribution given by figure 17, the higher heating value of the fuel 

is used, since in the calorimetric measurement of exhaust heat the water vapor resulting from 

combustion is condensed. The power developed by the combustion of the lubricating oil is 

not included, because no information is available as to the proportion of the oil consumed that 

is actually burned on the power stroke. 

At the lowest density—0.029—the engine would not operate well at reduced load, but 

elsewhere the propeller load operation was satisfactory. The runs at an air density of 0.074 

are shown in dash lines, because they could not be obtained with the same propeller as the 

other curves, but necessitated a propeller operating at 1,400 r. p. m. when the throttle was 

in the arbitrarily chosen position used in the runs at ground-level density. 

The brake mean effective pressure even at full throttle is rather low. Since the weight of 

much of the engine is governed more by its piston displacement than by the power developed, 

a decreased mean effective pressure usually necessitates increased weight per horsepower. 

The altitude performance of this engine is, in general, excellent, and its low fuel consumption 

is the outstanding feature of merit. 
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Air density in lbs.per cu. ft. 
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IOOO 1200 1400 1600 /800 
Fig.7 R.P.M. 
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IOOO 1200 1400 1600 1800 
Fig. 11 R.P.M. Fig. !2 R.P.M. 
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Fig. '6 R. Ft M. 
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REPORT No. 136. 

DAMPING COEFFICIENTS DUE TO TAIL SURFACES IN AIRCRAFT. 
By Lynn Chu. 

Condensed and modified by Edward P. Warner. 

INTRODUCTION. 

The object of the experiments described in this report, submitted to the National Advisory 
Committee for Aeronautics for publication, was to compare the damping coefficients of an air¬ 
foil as calculated from a knowledge of the static characteristics of the section with those obtained 
experimentally with an oscillator. The damping coefficients so obtained, according to the con¬ 
ventional notation, can be considered either as due to pitching or due to yawing, the oscil¬ 
lator in these experiments being so arranged that the surface oscillates about a vertical axis. 
This is in reality the case when the airplane is yawing about the standard Z-axis, but it can also 
be considered as a pitching motion when the model is so rigged that its standard Y-axis becomes 
vertical. This horizontal oscillation has the advantage of eliminating the gravity action and 
avoiding the use of counterweights, whose presence in the wind tunnel is undesirable because 
of their interference with the air flow. The experimental work was all done in the four-foot 
wind tunnel at the Massachusetts Institute of Technology, in connection with the preparation 
by the writer of a thesis in the course in aeronautical engineering at that institution. 

The apparatus used in the experiments is essentially a bifilar suspension. In designing this 
apparatus great difficulty was encountered in making it so as to obtain moment of inertia 
large enough to keep the system oscillating for a time long enough to be measured accurately 
and without elaborate special apparatus. After several trials it was found necessary to employ 
adjustable counterweights outside the tunnel. 

The real point of these experiments was to separate the damping due to rotation from that due 
to translation. Consider the motion of a surface situated at a distance behind the center of rotation 
about which it oscillates. That motion can be considered as the resultant of two component 
motions: First, a rotation about the center of pressure of the surface; second, a translation 
perpendicular to the wind direction. The larger part of the damping is due to the translational 
motion, and only this part can readily be calculated from static tests. By varying the distance 
between the center of pressure and the center of rotation on the oscillator, the variation of 
damping moment can be observed, and the rotational and translational effects can be sepa¬ 
rately determined. 

SUMMARY. 

In the first part of the present work, dealing with theoretical damping coefficients, a brief 
discussion of the method of calculation is given. Owing to the limited amount of time no attempt 
was made to test a large series of models. An 8 by 2 inch flat plate was first tested, followed by 
a tail piece with two elevator settings. Static tests were first performed on these surfaces for 
three speeds, 30, 20, and 10 miles per hour, and the corresponding damping coefficients calcu¬ 
lated. Owing to the inaccuracy of force measurements and the slow damping at very low speeds 
the 10-mile runs for the tailpiece were omitted. 

Dynamic tests were made and experimental damping coefficients were calculated for the 
same settings used in the statical tests. These tests are included in Part II of the thesis. A 
comparison of results from Parts I and II is given in Part III with brief discussion and conclusion. 

The results were such as to encourage the continued use of the conventional method of 
calculation of damping coefficients. The agreement between the experimental and calculated 
values was extremely good for all positions which would be likely to be occupied by an actual 
tail surface, the maximum difference for such positions being less than 10 per cent. In general, 
although not in all cases, the experimental value was a very little below the calculated. 
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DAMPING COEFFICIENTS DUE TO TAIL SURFACES IN AIRCRAFT. 

PART I. 

THEORETICAL DAMPING COEFFICIENTS. 

Consider a tail surface situated at a distance behind the center of gravity of the airplane 

and rotating about the C. G. If the machine has a forward velocity V and an angular pitching 

velocity q, the resultant wind velocity relative to the tail surface is Vr as shown in the figure. 
-iql -\qi 

The angle between VT and the direction of flight, measured in radians, is tan y or tan -y X57.3 

in degrees. 

The change in lift due to the rotation is: 

where a is the angle of attack of the tail surface and S is its area. 

Moment= —^^X57.3X^X -§S V*xl 
aa V 2 

= “^TX57-3 f^XPx Vxq 

Therefore H=-1&x57-3ispy 

=<tgtISF2)>4x57-3 
■7 t 72 

— 57.3 ft. lbs./radian/sec. 

where ^ is the slope of the lift curve plotted against angle of attack in degrees. The value of 

^ is very nearly constant in the neighborhood of zero angle, as the lift curve there is approxi¬ 

mately a straight line. With this value obtained from the statical tests of the section, the 

theoretical damping coefficients due to the translational component can be calculated. 

The statical tests on the flat plate were made at three speeds: 30, 20, and 10 miles per hour. 

A complete set of characteristic curves are given for 30 miles per hour, but only the lift curves 

are given for the 10 and 20 mile runs, as required for the purpose of computing . The value ^ 

of course varies very closely as the square of the speed. 
The mean position of center of pressure for the flat plate is taken at one-fourth of the chord 

from the leading edge—that is, 0.5 inch. The mean position of center of pressure for the tail¬ 

piece with —30° elevator setting is taken at the hinge, and that for the zero degree setting is 

taken 0.3 inch forward of the hinge. With these mean positions of center of pressure the value 

of l is properly taken and the theoretical value of damping coefficients can be calculated. The 

results are tabulated in Table I and plotted in figures 1, 2, and 3. 
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STATICAL TESTS ON FLAT PLATE AND TAILPIECE. 

The tests were made in the usual manner on the wind tunnel balance, lift, drag, and moment 
readings being taken. The results for the tail surfaces are fully shown in the curves which 

follow. 

Theoretical damping coefficients of tailpiece. 

[Elevator setting -30 and 0°. Wind speeds 20 and 30 miles per hour.] 

Elevator angle. —30°. —30°. 0°. 0°. 

V, miles per hour.... 
dL 
da 
l, inches. 
PI V. 
Mq. 
Mq 
v. 

30 

.0120 

15 
.0355 
.0244 

.00081 

20 

.0051 

15 
.0533 
.0156 

.00078 

30 

.0115 

14.7 
.0341 
.0225 

.00075 

20 
.0049 

14.7 
.0510 
.0143 

.00072 

V, miles 
per hour.. 30 20 30 20 
dL 

.0120 .0051 .0115 .0049 

l, inches.. 12 12 11.7 11.7 
P/V. .0227 .0341 .0216 .0326 
M. .0156 . 00995 .0142 . 00916 
Mq 
v. .00052 . 00050 .00047 .00046 

V, miles 
per hour.. 30 20 30 20 
dL 
an. .0120 .0051 .0115 .0049 

1, inches.. 8 8 7.7 7.7 
P/V. .0101 . 01520 .00935 .0141 
Mq. .00693 .00442 . 00616 .00397 
Mq 
v. .00023 .00022 .00021 .00020 

V, miles 
per hour.. 
dL 

30 20 30 20 

.0120 .0051 .0115 .0049 

l, inches.. 4 4 3.7 3.7 
P/V....... .00252 .00379 .00216 .00325 
Mq. . 00173 . 001105 . 00142 .00092 
Mq 
v. .000058 .000053 .000047 .000046 
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DAMPING COEFFICIENTS DUE TO TAIL SURFACES IN AIRCRAFT. 

PART II. 

EXPERIMENTAL DAMPING COEFFICIENTS. 

METHOD OF EXPERIMENTING AND DESCRIPTION OF APPARATUS. 

The general scheme employed in testing was to mount the model in such a way so that it 

oscillated about a fixed vertical axis. As mentioned in the introduction, the use of a vertical 

axis has the advantage of avoiding the action of gravity and the use of counterweights. For 

minimum interference, a minimum of frictional damping, and simplicity of contraction a 
bifilar suspension was chosen. 

Referring to the accompanying drawing (fig. 7), it is seen that two beams shaped to 

stream-line form constitute the principal structural members of the set-up. These beams are 

secured to the channel wall by inserting the tongues on the ends of the beams into the sheet- 

metal sockets on the wall, thus making it possible to erect or dismount the apparatus quickly. 

Two piano wires with one end hooked to the upper beam (1), passing through the hole bored in 

the lower beam and running over the pulleys (9), are led to the outside of the channel. It is the 

chief aim of the design of the apparatus to put as few as possible of the parts inside the tunnel. 

Two weights of about 10 pounds each are attached to the other ends of the wires. These two 

stretched wires therefore function as a spring under constant tension which supplies the restoring 
moment necessary to keep the model in regular periodic motion. 

The turnbuckles (11) can be adjusted so that the wires pass through the small holes on 
the floor of the channel freely without touching the sides of the holes. 

The oscillating bar (3) is made of two semicircular rods clamped together by screws. The 

bar is clamped to the piano wires by screws at one end, and the model is clamped between the 

halves at the other end. The method of mounting the model is illustrated in the drawing. 

The damping and statical moments in these experimentswere both unusually large on account 

of the long lever arm (in the extreme case more than 15 inches). This necessitated the use of 

heavy inertia weights. As shown in the drawing, these weights are placed outside the tunnel 

and are clamped to the rod (18), which is connected rigidly to the oscillating bar (3) through 

the vertical rod (13). At the intersection of the vertical rod 13 and the oscillating bar 3 a 

universal joint is provided, so that the stretched wires and the rod impose no lateral constraint 

on each other and there is no side thrust on the bearing at the bottom of the rod except that 

due to friction in the universal and to the air resistance of the rod itself. 

At the lower end of the vertical rod 13 a pivot rests in a socket. This bearing is intended 
only for constraining the motion of the vertical rod and not for taking any load, as virtually 
all the weight is carried by the piano wires. 

A pointer is attached to one end of the rod (18), and the angular displacements are read 
directly on the dial (20), which is graduated in degrees. 

The apparatus was set up about 4 feet upwind from the balance, so that the stand (23) was 

placed very near to the motor rheostat. Only one observer was thus needed for the experiment, 

regulating the wind speed and taking the reading at the same time. 

SOLUTION OF THE DIFFERENTIAL EQUATION OF MOTION. 

The mathematical principles involved in these experiments are simple and need only be 
summarized. 

The damped harmonic motion.—In this oscillating system the damping is due to two causes, 
the mechanical friction of the mechanism and the action of the air on the system. The resisting 
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moments due to these two causes, together with restoring moment of the piano wires at any 

instant of the motion, must be equal to the product of the mass moment of inertia by the 

angular acceleration: 
Im d2o 
9 

where — is the moment of inertia of the entire oscillating system measured in slug units; 
9 

E6 is the restoring moment due to the elasticity of the wires and to the actual change of angular 

dd 
position of the model, and the term b ^ is the moment due to wind and frictional damping. 

It is the purpose of the following experiments to determine the value of b under various con¬ 

ditions. 
Before the value of b can be determined the differential equation of motion must first be 

solved. This equation is of the type of second order with constant coefficients, because, after 

reducing, 

d20 . r,de + Cd==0 (ii) 

where 

dt2 r B dt 

5 = n and C=j- 
J-m 

The solution of this type of equation is known to be of the form 

0 = e(-i±VT~<7)i 
In order that the motion may be oscillatory the expression under the radical must be negative 

Then, _ __ _ 

9=rfex«1V?-<7*-=«“^(cosVc,_Tt+isinVc'_fO 

The period of the oscillation is 

V 
2 IT 

w 

°~T 

• 1 • • • • l02T Ti 
and the time to damp the motion to—times the original amplitude is —• 

Y 
In these experiments the time to damp the amplitude to one half of the initial displace¬ 

ment was observed. Therefore 

L 2~B't-1)'9't-b -2 L°g e2xIm~ L386 dm 
g e 2 2/m gt gt 

If Im and t are known b can be calculated. This b contains three parts, the mechanical damping 

b0, the damping due to the wind on the apparatus and the damping on the model itself, bm. 
To find the friction damping on the apparatus it is allowed to oscillate with no wind blowing, 

Next the wind damping on apparatus is found by allowing the apparatus to oscillate in the 

wind with the model removed, which gives ba + ba; b& is obtained by subtraction. Finally the 

damping on the model itself is obtained by allowing the model to oscillate in the wind, which 

gives b = b0 + b& + bm; by subtracting (b& + b0) from b, bm is determined. 

The moment of inertia of the system is calculated from direct measurements of the modulus 

of torsion and the period of oscillation without any wind. This neglects the effect of friction 

on the period, which effect, however, is certainly less than 0.1%. If this factor be neglected 

2 ir 2t 1 T2E 
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The direct measurement of E is performed by applying weights at a known distance from the 
center of rotation and observing the angular displacement. The value of E found in this case 
is .765 ft. lbs./radian. The moments of inertia of the entire oscillating system for different 
positions of model are calculated and tabulated in Table II. The weight of the flat plate and 
the tailpiece are very nearly equal, so that the moments of inertia for same position of the two 
surfaces are the same. These values as tabulated in Table II are used in calculating the Mq. 

II. 

Determination of moments of inertia of apparatus and model (at different positions). 

[Note.—Z=distance between center of rotation and center of gravity of model.] ' 

l 
Time for 
10 oscilla¬ 

tions (sec.). 
Period T. I,Slugs-ft.s 

15 inches. 52 5.20 .525 
12 inches. 51.4 5.14 .514 
8 inches. 51.2 5.12 .510 
4 inches. 51 5.10 .505 
0 inches. 51 5.10 .505 
Without model. 51 5.10 .505 

THE DAMPING ON THE APPARATUS. 

The values of 6a in these experiments are determined for different positions of the spindle. 
The results are tabulated in Table III and plotted in figure 4. It is seen that the damping on 
the apparatus follows very closely the law of linear variation with speed, and varies as the 
square of the distance l, measured from center of rotation to spindle. 

THE OSCILLATOR TESTS. 

On the flat plate two trial runs were made before the final experiments, the results of which 
are here recorded. For the tailpiece two readings were taken for every different condition of 
testing; namely, for different speed and positions of the models. The average values are used 
in the computation of Mq, the values of which are tabulated in Tables IV to VI. Since 
Mq is directly proportional to speed, a simple basis of comparison is obtained by dividing the 

damping coefficient by the wind speed. The values of 
Mq 
V 

are plotted against distance from 

the center of rotation in figures 5, 6, and 7. 

III. 

Determination of damping on apparatus. 

[Note— l = distance from center of rotation to spindle.] 

l to bo 

30 miles per hour. 

t &o "4“ fra ba 

15 inches. 375 .00193 245 sec. .00286 . 00093 
12 inches. 339 .0021 246.5 .00284 .00074 
8 inches. 283 .0025 230 .00305 .00055 
0 inch... 255 .00274 219 .00319 . 00045 

20 miles per hour. 

15 inches. 273 . 00256 . 00063 
12 inches. 272 .00258 .00048 

8 inches. 243 . 00288 . 00038 
Oinch... 235 . 00298 . 00024 

10 miles per hour. 

15 inches. 316 . 00222 . 00029 
12 inches. 302 . 00232 . 00022 

8 inches. 258 .00270 . 00020 
Oinch... , 241 .00290 .00016 

5300G—23-9 
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IV. 

Experimental damping coefficients for flat plate. 

[ 14.75 inches; from center of rotation to center of pressure.] 

V 6„ K bo 6a t 

30 . 0015 . 00093 .0024 19.8 
20 .0015 . 00063 .0021 31.8 
10 .0015 .00029 .0018 58.9 

V b = b0 + bm 
■+■ 6m 

6m a 6 — 6o 
-6a 

6m 
"V' 

30 .0360 .0336 .00112 
20 .0241 .0220 .00110 
10 .0134 .0116 .00116 

[i=12 inches.] 

V bo K 60+6* t 

30 .0015 .00074 .0022 29.9 
20 .0015 .00048 .0020 45.7 
10 .0015 .00022 .0017 78.5 

V 6=*60+6a-|-6m 6m=3 6 *”■ 60— 6a 
6m 

V" 

30 .02384 .0216 .00072 
20 .01558 .0136 .00068 
10 .00908 .0074 .00074 

[Z=*8 inches.] 

V bo bo 60+6a t 

30 .0015 .00055 .0021 67.6 
20 .0015 .00038 .0019 79 
10 .0015 .00020 .0017 150 

V 6— 6o+6a4"6m 6m=a 6 —60—6ft 
6m 

T 

30 .01015 .0081 .00027 
20 .00898 .0071 .00035 
10 .00470 .0030 .00030 

[1= 0; center of rotation and center of gravity coincide.] 

V &o K 604-6a t 

30 .0014 .00045 .00185 285 
20 .0014 .00024 .00164 382.5 
10 .0014 .00016 .00156 430 

V bo 6m 
6m 
V 

30 .00227 .00042 .000014 
20 .00183 .00019 .000009 
10 .00159 .00003 .000003 
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Angle of attack 

Fig.1.—Lift on flat plate at various speeds. Fig. 2.—Lift of tail surface, elevator at 0°. Fig. 3—Lift of tail surface, eleva¬ 
tor at 30°. 

.0012 

\.OOIO 

'1.0008 

l 
^.0006 

j§.0004 

o 
f.0002 

.0000 

pQ 
» 

I0 a 

0 2 4 6 8 10 12 14 16 
l = D/stance from center of rotation to spindle 

Fig. 4.—Damping of apparatus for different positions of spindle and 
speeds. 

Fig. 5.—Damping on flat plate. 

Fig. 6.—Damping on tail surface, elevator at 0°. Fig. 7.—Damping on tail surface, elevator at 30°. 
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V. VI. 

Experimental damping coefficients of tailpiece. Experimental damping coefficients of tailpiece. 

[Elevator setting 0°. Wind speeds 20 and 30 miles per hour. Frietiona [Elevator setting-30°. Wind speeds, 30 and 20 miles per hour. Fric- 
dampings b0= .000778. Distance from C. R. to C. P.= 14.7 inches.] tional damping=.000927. Distance from C. R. to C. P.= IS inches.] 

V 30 20 

&a. .000930 . 000630 
6a4“&o- - - • .001708 .001408 
t. 35 46 
b. . 02065 .01570 

.01894 .01429 

.00063 .00071 

V 

V 30 20 

ba. .00093 .00063 
6a“f"60 .... . 00186 .00156 
t. 29 45 
b. .0259 .0161 

.0240 .0145 
bm 

.00080 .00073 
V 

r Elevator setting, 0°. Wind speeds, 30 and 20 miles per hour. Frictional 
damping= 60= .000778. Distance from C. R. to C. P.= 11.7 inches.] 

Elevator setting—30°. Wind speeds, 30 and 20 miles per hour. Fric¬ 
tional damping= .000927. Distance from C. R. to C. P.=12 inches.] 

V 30 20 

6a. .000740 .000490 
6a"b6o .... . 001518 . 001268 
t. 48 65.6 
b. . 01482 .01087 

.01330 .00960 

.00044 .00048 
v. 

V 30 20 

K. . 00074 .00049 
ba-f-b0.. .. . 00167 .00142 
t. 45 70.4 
6. .01585 .01020 
bm........ .01418 . 00878 
bm 

V ' 
. 00047 . 00044 

[Elevator setting, 0°. Wind speeds, 30 and 20 miles per hour. Frictional 
damping= b0= .000778. Distance from C. R. to C. P.= 7.7 inches.] 

[Elevator setting—30°. Wind speeds, 30 and 20 miles per hour. Fric¬ 
tional damping= .000627. Distance from C. R. to O. P.«= 8 inches.] 

V 30 20 

ba. .00056 
.00149 

72 
. 00982 
.00833 

.00028 

. 000380 

.00131 
125 

.00562 

.00431 

.00022 

- - - 

t. 
6. 

V. 

V 30 20 

6a. . 000565 
.001343 

96.4 
.00734 
.00600 

.00020 

.000380 

.001158 
148 

. 00476 

.00360 

.00018 

b&-\-bo.... 
t. 
b. 

box 
V" 

[Elevator setting, 0°. Wind speeds, 30 and 20 miles per hour. Frictional [Elevator setting—30°. Wind speeds, 30 and 20 miles per hour. Fric- 
damping= .000778. Distance between C. R. and C. P.= 0 inch.] tional damping.* .000927. Distance from C. R. to C. P.=0 inch.] 

V 30 20 

b.. .000450 .000240 
bc+bo.... . 001228 .001018 
t. 450 486 
b. 00155 .00144 
box........ .00033 .00042 
6m .000011 .000021 
V 

V 30 20 

bn. . 00045 .00024 
6a+60.... .00138 . 00117 
t. 432.4 575 
6. .00162 .00122 
6m ........ .00024 . 00005 
6m .000008 . 000003 
V 
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DAMPING COEFFICIENTS DUE TO TAIL SURFACES IN AIRCRAFT. 

PART III. 

COMPARISON OF CALCULATED AND EXPERIMENTAL DAMPING COEFFICIENTS. 

In order to facilitate the comparison of the calculated and experimental values they have 

been tabulated side by side. In place of giving the actual values of the damping coefficients 

in this tabulation, the average ratio of damping coefficient to speed has been used, the assumption 

being made that the actual deviations from strict proportionality to wind speed are smaller 

than the experimental errors, and that the average is therefore nearer to the true ratio for all 

speeds than any particular observed value. 

PLAT PLATE. 

l. Experimen¬ 
tal Afq. 

Calcula¬ 
ted J/q. 

Experimen¬ 
tal MQ—cal¬ 
culated Mq. 

14.75 . 00113 . 00110 +. 00003 
12 . 00071 .00072 -.00001 

8 . 00031 .00032 -. 00001 
0 . 000008 .0 +. 00001 

TAILPIECE. 

Elevator at 0°. Elevator at —30°. 

l. 
Experi¬ 
mental. 

Calcu¬ 
lated. 

Experimen¬ 
tal-calcu¬ 

lated. 

Experi¬ 
mental. 

Calcu¬ 
lated. 

Experimen¬ 
tal-calcu¬ 

lated. 

15 . 00067 . 00074 -. 00007 . 00077 . 00080 -. 00003 
12 .00046 . 00047 -. 00001 . 00046 . 00051 -. 00005 

8 .00019 . 00021 -.00002 . 00025 . 00023 +. 00002 
0 . 000016 0 +. 00002 . 0000026 0 +.00001 

The check between the experimental and calculated values is quite remarkably good. On 

the average, the experimental values are a little smaller than those obtained by calculation, but 

the difference seldom exceeds the probable experimental error. 
There is a remarkable difference between these results and those obtained in another series 

of experiments made at Massachusetts Institute of Technology in 19171, where the conclusion 

was that the damping due to the tail surfaces on a complete airplane model is 50 per cent more 

than the calculated amount. The difference can only be attributed to a systematic error in 

one set of experiments or to some fundamental difference between the conditions of the two 

tests. If any systematic error exists it is more likely to be in the first set of experiments than in 

those described in this report, as the new apparatus is a decided improvement over the oscillator 

originally employed at the Massachusetts Institute of Technology. It is improbable, however, 

that any of these experiments would permit of an error so large as the difference between the 

results of the two sets. As for differences in surrounding conditions, the only important one 

is the difference between a complete model and an isolated plate. The presence of the wings 

1 An investigation of the elements which contribute to statical and dynamical stability, by A. Klemin, E. P. V arner, and G. M. Denkinger. Third 

Annual Report National Advisory Committee for Aeronautics. 
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undoubtedly affects the damping action of the tail surfaces, because of the reduction of air 

speed behind the wing cell, the down wash, and the increased turbulence in the stream, and this 

effect may be important. Its magnitude can not, however, be determined in general, even by 

an approximate rule, until much more extensive tests have been made. 

It is difficult even to predict from the data now available the nature of the effect of inter¬ 

ference on damping. The reduction in air speed would naturally be expected to reduce the 

effectiveness of the tail in respect of its contribution to dynamic, as well as to static, stability, 

but the question of down wash is more difficult. In so far as downwash is a function of angle of 

attack alone, it should not affect damping if the axis of oscillation of the model passes close to 

the center of pressure of the wing, so that the true angle of the wing to the air is not affected by 

rotation. It should be remembered, however, that various points along the chord of a wing so 

mounted are moving in different directions, and the result is much the same as that of changing 

the camber of the wing section, the effective curvature being deeper when the pitching rota¬ 

tion is positive, less when it is negative. The lift coefficient and downwash at a given angle 

therefore appear to depend to some extent on the angular velocity, and their variation with 

angular velocity must produce a secondary effect, probably very small, on the damping due to 

the tail. It has recently been pointed out by Cowley and Levy that the time lag before the 

downwash reaches the tail may have an important effect on the damping coefficient. 

In short, while these experiments leave much to be settled by future research, they do at 

least justify the methods hitherto employed for an approximate calculation of damping, and 

they show that the damping directly due to rotation is negligible by comparison with that due 

to translational motion of surfaces as far away from the axis of oscillation as are the tail sur¬ 

faces on an airplane of conventional design. 
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REPORT No. 137 

POINT DRAG AND TOTAL DRAG OF NAVY STRUTS No. I MODIFIED. 

By A. F. Zahm, R. H. Smith, and G. C. Hill. 

INTRODUCTION. 

This report presents the results of tests on struts conducted at the Washington Navy 

Yard for the Bureau of Construction and Repair of the Navy Department. Two models of 

the modified Navy strut, No. 1, were tested in the 8 by 8 foot wind tunnel. The tests were 

1-— /O'/a"—1 

Fig. 1.—Navy struts Nos. 
2 and 3. 

Fig. 4.—Revised apparatus for measuring resistance on Eiffe 
balance. 

made to determine the total resistance, end effect, and the pressure distribution at various 

wind tunnel speeds with the length of the strut transverse to the current. Only the measure¬ 

ments made at zero pitch and yaw are given in this report submitted to the National Advisory 

Committee for Aeronautics for publication. 

DESCRIPTION OF MODELS. 

The two struts were normally 5 feet long by 3 inches thick and of the cross-sectional shape 

shown in figure 1, the larger strut being 12 inches wide and called No. la, the smaller 10.5 

inches and called No. lb. The offsets are given in Table I, and are derived from the original 

127 
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Navy 1 strut 3 inches thick by uniformly stretching it along stream so as to change the original 
abscissas to the present ones. Both struts were made of pine wood, varnished, and satisfactorily 
verified by application of their steel templates; both were hollow for the admission of a central 
steel shaft; both had detachable end segments to fill up all or a portion of the space between 
their ends and the floor and ceiling. 

As shown in figure 2, the central steel shaft rested in a conical socket on the floor of the 
tunnel and extended vertically through the strut and its dummy end pieces, thence up through 
the ceiling of the tunnel. By altering the lengths of the segmental dummy struts at the top 
and bottom, any length of gap at either strut end could be provided, ranging from one-thirty- 
second of an inch to 18 inches, and by rotating the strut system about the shaft any desired 
angle of incidence could be maintained during the measurements of pressure distribution over 
a median section. 

H 
- ■■ 

Tunnel ceiling 

Wind-- —Pressure 
collector 

Tunnel f!oor\ r*- i_ 

Side view of collector 

SO/a 
Dimensions 'a=ya,"c'=Xt:' 

rsr Tf—y°r 

-3Ar 

Interior view of collector 

Fig. 2.—Arrangement for varying gap and 
angle of yaw for Navy strut No. 2. 

Fig. 3.—Bronze pressure collector for Navy strut No. 2. 

The point pressure on the larger strut was not measured. For the smaller of the two struts 
the arrangement of the 14 pressure collectors, to which 14 tubes from a multiple-tube manom¬ 
eter were attached, is shown in figure 3. An arched bronze side plate, flush with the strut 
at its middle, has 14 fine holes on its outer surface and as many nipples inside serving as pressure 
leads, from which rubber tubes run up through the hollow strut to the manometer. 

METHOD OF MEASURING PRESSURE DISTRIBUTION. 

The pressures at these 14 holes, referred to that in the undisturbed stream well to one side 
of the strut, were measured at 20, 30, 40, 50, and 60 miles an hour. They were simultaneously 
indicated on the inclined multiple-tube manometer, whose reservoir was joined to the static 
lead of the reference speed nozzle in the undisturbed air stream. The pressure could be read 
accurately to ^ per cent at speeds above 40 miles an hour. For the lower speeds of the test it 
could be read thus accurately at all the holes where it equaled or exceeded 40 per cent of the 
nose pressure, as given in Table III. The usual pressure drop correction was made by multi- 
plying the volume of the strut by the static pressure gradient along the tunnel. 

ihe angle of yaw was set accurately to about one-fiftieth of a degree by means of a 
template whose extremities served as a reference line. Slight lateral and angular displace¬ 
ments of the strut were prevented by fine stay wires anchoring its leading and trailing edges 
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to the walls of the tunnel. The end dummies were kept accutately in line and orientation 
with the strut. 

The speed of the air was held constant to within one-half of 1 per cent. It was meas¬ 
ured with a standard pitot static tube placed about 18 inches to one side of the strut center 
and nearly the same distance above and before it. 

METHOD OF MEASURING TOTAL RESISTANCE OF THE STRUTS. 

The total resistance of the struts was measured at zero pitch and yaw and at speeds of 
20, 30, 40, 50, 60, and 70 miles an hour and with various end gaps from one-thirty-second of 
an inch to 18 inches. The manner of doing this is illustrated in figure 4. Two heavy prongs 
extending upstream from the shielded shank of the Eiffel balance supported the strut in an 
upright position and held it securely without causing material air disturbance, while allowing 
it to swing freely along stream with the small oscillations of the balance. Moment measure¬ 

ments about one knife-edge were made, first of the strut and prongs, then of the prongs alone 
with the strut detached but not removed. The difference was taken as the net moment of 
the strut, which divided by the arm gave the strut drag, except for the pressure drop correc¬ 
tion already mentioned. 

RESULTS OF PRESSURE MEASUREMENT. 

Figure 5, plotted from Table II, delineates the pressure distribution at the 14 holes for 
zero pitch and yaw and for the five wind speeds used. For each speed there is a point of full 
impact pressure ^ pF2 at the nose, and two points of zero pressure at the side, the first at a 
distance of 3.3 per cent of the strut width from the front, the second at a distance of 87.1 per 
cent. At about one-fifth of the width from the leading edge occurs the maximum suction, 
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which equals about three-fourths of the nose pressure. At the last hole the pressure is about 
one-sixth of the nose pressure. These various characteristic points shift little if any with 
the speeds used. This fact may be contrasted with those given in Report No. 191 of the 
British Advisory Committee for Aeronautics, describing the sudden change in the character 
of the air flow about a 6-inch sphere and a 6-inch cylinder at 25 to 30 miles an hour. Figure 
5 shows that at all the holes and at all the speeds used p is an increasing function of V. 

As indicated by the diagrams in figure 6, plotted from Table III, for zero pitch and yaw, 
the pressure at each hole varies nearly as the square of the velocity, but with a degree of 
approximation slightly diminishing aft of the thickest part of the strut and more pronouncedly 
at the lower speeds. The amount and direction of departure from the V2 law is clearly 
disclosed in figure 6 and Table III. 

The graphs of the faired values of the point-pressure p at 60 miles an hour, and at other 
speeds multiplied by (60/F)2 to make the pressures comparable, are shown in figure 7. The 
integrals of the segments of each pressure graph, giving the elements of the pressural drag 
and the summation of these called the “form resistance” or “resultant pressural drag,” are 
given in Table IV and plotted in figure 16. With them are shown the total directly measured 
drag and the resultant friction, the latter being the difference between the whole drag and 
the whole pressural drag. The order of graphic integration here used to find the force J'pdy, 
over the various portions of the surface of the 1-foot-long center segment of the strut, is 
detailed at the bottom of Table IV. 

The lower half of Table IV is of especial interest as showing the relation of the whole 
drag to its parts. For this particular model the drag at 40 miles an hour is about one-fourth 
friction and three-fourths pressure. The total upstream pressure is 5.8 times the whole 
resultant drag, 7.7 times the resultant pressure, and 24 times the resultant friction; and the 
downstream pressure is about 13 per cent greater than the upstream pressure. With such 
thick streamline shapes, therefore, an error of 1 per cent in measuring the point pressure may 
entail errors of the order of 8 per cent in the derived pressural drag, 25 per cent in the fric¬ 
tional. No such difficulty is found in measuring the resistance of normal planes or thin planes 
placed edgewise in the current, where the force is all pressure or all friction. 

The total drag and its elements, as seen in Fig. 16, vary as Vn for the range of speeds used. 
The velocity exponent n equals 1.99 for both the push and the suction before the major section. 
Aft of this section n = 1.895 for the suction, 1.985 for the push. For the total measured drag 
n = 1.88; for the total pressural drag 1.71; for their difference, which is called the frictional 
drag, n = 2.35, which is doubtless too great. 

Since the resultant pressural drag and frictional drag are derived by taking the difference 
between much larger quantities, it is not believed that the values so determined from the 
present measurements are trustworthy. The friction on a plane equal to the side elevation 
of the strut segment, computed directly by well-known formulas, would be materially greater 
than the friction here found, and would vary approximately as the power n = 1.85, and if sub¬ 
tracted from the total measured resistance would leave a smaller pressural resistance varying 
according to a greater value of n. No exact formula is available for computing the actual sur¬ 
face friction on the strut segment, even though the velocity at each point were known. The 
other values plotted in Fig. 16 are much more trustworthy, and indicate the comparative effec¬ 
tiveness of the various elements of the strut surface. 

It has just been said that the downstream pressure exceeds the upstream by 13 per cent. 
In a frictionless fluid they would be equal. In N. P. L. Report 600 Jones and Williams, from 
their point-pressure measurements on an ellipsoid, declare “they show that the form resistance 
may be zero or even negative, or that the accuracy of the experiments is not sufficient to enable 
it to be found.’ A careful Italian reports the air pressure on a torpedo form greater upstream 
than down. A painstaking American physicist recently tested a projectile which showed a 
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negative drag in a high-speed air stream. If such things can be, one may look for an airship 
hull competent to pull itself around the world without engine power. 

The present data will aid in the study, soon to be made, of the lift and drag effects of sur¬ 
face finish and obstructions. It were better if such data could be checked by theory. But for 
lack of time the stream function was not determined for the present strut. The pressure over 
its forward part is theoretically approximated in the following paragraph. 

Fig. 7.—Observed pressure vs. half thickness of strut at various air speeds for Navy strut No. 2 at zero pitch and yaw. 

PRESSURE ON AN ELLIPTIC CYLINDER IN A PERFECT FLUID. 

The point pressure on the front half of a long elliptic cylinder haying the shape and size of 
the fore part of the smaller model was calculated for zero pitch and yaw in a frictionless atmos¬ 
phere of standard density flowing uniformly past it at 40 miles an hour. To do this the stream 
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velocity along the elliptic section was found by the usual hydrodynamic process (Lamb, article 
71) and substituted in Bernoulli's equation to find the point pressure along the section. The 
values so computed are given in figure 8. The agreement between the calculated and observed 
values is close for the foremost holes, but more or less divergent for the holes farther aft in the 
part of the surface before the major section. This discrepancy was caused, no doubt, by the 
shape of the after part of the strut as well as by the viscosity of the medium. The general 
agreement, as shown in figure 8, may be compared with a like diagram for the pressure distribu- 

Fig. 6—Observed pressure vs. velocity at zero pitch and Fig. 9.—Resistance and shape coefficients for Navy struts Nos. 2 and 3. 
yaw for Navy strut No. 2. 

tion over the spheroidal bow of a torpedo form, given in Report No. 600 of the British Advisory 
Committee for Aeronautics for April, 1919. 

RESULTS OF TOTAL RESISTANCE MEASUREMENT. 

lables \ and VI give the measured and net resistance and derived coefficients for the two 
struts at various wind speeds and at zero pitch and yaw, for gaps of inch and 18 inches, 
bigure 9 plotted on logarithmic paper from these tables gives the net resistance versus speed; 
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also the shape coefficient G and engineering coefficient K plotted against speed times thickness 
from faired values taken from the straight-line resistance graphs. At the test speeds above 
30 miles an hour the resistance graphs are properly straight lines; for the lower speeds the 
resistance values in each case plot considerably above the straight line. These diagrams may 
be compared with similar ones given in earlier Navy aerodynamic reports on streamline forms, 
especially airship hulls, in which the data commonly lie all on a straight line. 

The values of G and E, taken directly from Tables V and VI, are plotted on plain section 
paper in Figures 10 to 13 for convenience of comparison with previous strut reports. On 

Fig. 8.—Pressure distribution at zero pitch and yaw, air speed 40 m. p. h. for Navy strut No. 2. 

transferring the shape-coefficient graphs for an 18-inch gap to the similar graph for four Navy 
No. 1 struts, it appears that the present coefficients fall above the others at high speeds and 
below them at low speeds and show that the original Navy No. 1 struts are better for practical 
flying speeds. 

Table No. VII gives the effect of gap on the shape coefficient for the two struts at various 
speeds and at zero incidence in pitch and yaw. Figures 14 and 15 exhibit these results 
graphically. From these diagrams it appears that the effect of enlarging any gap beyond one 
strut thickness is practically negligible. The running resistance of both struts is then 8 to 12 
per cent greater than with zero gap, or for a strut infinitely long. Reference may here be 
made to N. P. L. Report T843 showing an increase of 8 per cent in resistance as the strut gap 
increases from zero to a large amount for two struts, also 5 feet long, exposed like the present 
ones, but to a wind speed of 45 feet per second, the one measuring 3 by 7$ inches in cross 
section, the other measuring 3 by 15 inches. 

DRAG VERSUS STRUT LENGTH. 

It may be assumed that the increment of drag due to end turbulence for these 5-foot struts 
has the same absolute value as if they were somewhat shorter, or were indefinitely longer and 
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placed in a like stream large enough to obviate wall blanketing. If this assumption be true, the 
resistance plotted against strut length is a straight line of the form It — K1 + E, where 1 is the 
variable strut length and E the constant increment of drag due to end turbulence. Also it may 

.050 

<h'.040 -u 

<^.030 
ii 

<o 
mo. 

R=Resisiahce of strut in tbs. 
V L -Length of strut m teet. 
— u,- / r/icni " 

1/ = Air m&ed in ft oer sec. 
Shape coefficient 

pig=.0023 i 

lQ" 
Go, 0 

-A 

/ 32 // 
• 

O 4 8 12 
DM 

Fig. 10.—Shape coefficient in terms of thickness and speed 
for 3" x 10}" Navy stmt No. 2 at zero pitch and yaw. 

.050 
<\i 

f' 

11 
<o 

—1——*—1—<^bhi n—1—1—1—i— 
R=Resistance of strut in tbs. 
L = Length of strut in feel 

= Thickness « » 
=Air speed in ft. per set v 

L ?- Shops cog 'ff! cient 
f VS JUc id, f 

a” 
/ 8"Ga 0 

v 32", " 

1 J 

DM 

Fig. 11.—Shape coefficient in terms of thickness and speed 
for 3" x 10}", Navy stmt No. 3 at zero pitch and yaw. 

.000022 

^ .0000/ 8 
s. 
$ 
M .0000/4 

£: 

.0000/0, 
60 

R=Resistance of strut in lbs. 
D = Thickness of strut in in :hes. 
V •A !r i. 'pe ea 'in m.p. h. 

l j uaf. ) 
T 

'/32"\ " nr 
/OO 140 

DV 
180 220 

Fig. 12.—1“K” in terms of thickness and speed for 10}" x 3", Navy 
strut No. 2 atzsro pitch and yaw. 

.000022 

^ .0000/8 

<£\0000/4 

'K 

■OOOO/O' 
oU /OO 

"-1-1-1——r-r-1-1---1 

R^Res,stance of strut in lbs. 
D = Thickness of strut in inches. 
1/ = A tr v spe >edin m.p.h. 

. 

Oof 
— 

'O J 

— 

2" n 

140 
DV 

180 220 

Fig. 13.—'“K” in terms of thickness and speed for 12" x 3", Navy 
strut No. 3 at zero pitch and yaw. 

Cap in inches. 

Fig. 14.—Shape coefficient in terms of gap for 10}" x 3", Navy 
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Fig. 15.—Shape coefficient in terms of gap for 12" x 3", Navy stmt 
No. 3 at zero pitch and yaw. 

be assumed that in these various cases the pressure distribution at the strut middle would be 
substantially the same at the same wind speed. But no experiment was made to test these 
assumptions. 
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DISK RATIO. 

At 40 miles an hour, and including end effect, the ratio of drag of the major section of the 
strut to the actual drag on the strut itself is 21.87 for the smaller model, 24.93 for the larger. 
The drag of the major section was taken as the resistance, actually measured, of a thin rectan¬ 
gular plate 3 by 60 inches held normal to the wind at 40 miles an hour. 

For the 3 by 60 inch Navy 1 strut the disk ratio 
at 40 miles an hour is 23.7. For the “best form of 
strut as regards resistance ” given in N. P. L. Report 
R. and M. No. 416, the disk ratio for a 3 by 60 inch 
model at 40 miles an hour is 18.15, as estimated from 
Plate II of that report. 

The present high values of the disk ratio, based 
on strut resistance measurements made with the old 
Eiffel balance, have not yet been checked against 
measurements made with the new balance. But the 
Eiffel balance was usually found reliable for meas¬ 
uring the resistance of a strut held vertical on two 
prongs pointing upstream, as shown in figure 4. 

NOTE. 

On going to press it is discovered that a too-high 
gradient was used in computing the pressure-drop 
correction, thus entailing an error of about 4 per cent 
in the values here given of the total drag at all 
speeds. 

CONCLUSIONS. 

The total resistance and end effect found for the 
two struts herein described showed no new features 
beyond those disclosed by well-known tests. 

The point pressure along the contour of the middle 
cross section of the 3 by 10.5 inch strut, when in¬ 
tegrated to give the pressural drag, showed this to 
be about three-fourths of the total drag at 40 miles 
an hour, the remaining one-fourth being frictional 
drag along the section. The resultant pressure 
(downstream) was 11.5 per cent of the integrated 
downstream pressure, 13 per cent of the integrated 
upstream pressure. 

All along the section the pressure (p) increased 
continuously with the air speed V; closely as V2 
before the thickest part of the strut, and less nearly 
at V2 farther aft. 

As usual the nose pressure is %pV2; also at all speeds one point of zero pressure occurs at 
3.3 per cent of the strut width aft of the nose, another at 87.1 per cent aft. 

The total drag of the 5-foot strut neglecting end effect varied about as F1-9 and was 8 to 
12 per cent less than for a free-ended strut 5 feet long. The whole drag, including end effect, 
was about one twenty-second that of a normal plate having the same front elevation. 

From the limited premises of this text it may not be well to draw very general conclusions. 
One might expect however that the chief observations would be fairly repeated on other well¬ 
shaped struts not too different from those here described. 

53000—23-10 

Fig. 16.—Total drag and its elements for Navy struts Nos. 2 
and 3. 
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Doubtless for all thick shapes of slight resistance the resultant pressure is small compared 
with the integrated upstream or downstream pressure. Hence the pressural drag can not be 
very accurately determined from point-pressure measurements of ordinary accuracy nor the 
friction by taking the pressural drag from the total drag as is sometimes done. 

It is believed that the present method of analyzing the pressure elements may be usefully 
employed to understand or improve the character of the drag on stream-line models generally. 

The drag of this strut is less at low speeds, greater at high speeds, than that of the original 
Navy No. 1 strut of the same size, which latter is one of the best on record. 

TABLE I.—Specified offsets for Navy struts No. 2 and No. S. 

Navy strut No. 2. Navy strut No. 3. 

Distance Thick- Distance Thick- 
from ness of from ness of 
nose strut nose strut 

(inches). (inches). (inches). (inches). 

0 0 0 0 
.262 1.110 .300 1.100 
.525 1.584 .600 1.584 
.787 1.905 .900 1.905 

1.050 2.160 1.200 2.160 
1.312 2.361 1.500 2.361 
1.575 2.520 1.800 2.520 
1.837 2.640 2.100 2. 640 
2.100 2.751 2.400 2. 751 
2.625 2.880 • 3.000 2.880 
3.150 2.961 3.600 2.961 
3.675 3. 000 4.200 3.000 
4.200 3.000 4.800 3.000 
4.725 2.997 5.400 2.997 
5.250 2.880 6.000 2.880 
5,775 2.757 6.600 2.757 
6.300 2.580 7.200 2.580 
6.825 2.415 7.800 2.415 
7.350 2.214 8.400 2.214 
7.875 1.965 9.000 1.965 
8.400 1.704 9.600 1.704 
8.925 1.395 10.200 1.395 
9.450 1.020 10.800 1.020 
9.975 .585 11.400 .585 

10.500 0 12.000 0 

TABLE 11.—Observed pressure “p” at the 14 holes at various air speeds and zero pitch and yaw. 

Air speed in miles per hour. 

Number 
of hole. 20 30 40 50 60 

Impact pressure p in inches of water. 

1 +0.196 +0.440 +0.789 + 1.226 + 1.772 
2 + .119 + .265 + .472 + .740 + 1.059 
3 + .013 + .029 + .056 + .084 + .115 
4 - .065 - .153 - .271 - .430 - .629 
5 .120 .268 .466 .741 1.049 
6 .138 .314 .546 .864 1.235 
7 .153 .346 .599 .941 1.352 
8 .135 .308 .524 .818 1.169 
9 .115 .258 .448 .693 .979 

10 .081 .180 .303 .473 .669 
11 .035 .078 - .124 ~ .186 - .256 
12 - .005 - .004 + .013 + .026 + .043 
13 + .028 + .068 + .124 + .185 + .256 14 + .035 + .076 + .133 + .206 + .285 
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TABLE III.— Point -pressure in terms of nose pressure, plhpV2, at various wind speeds for Navy No. 2 strut—Angle of 
pitch and yaw zero. 

Number 
of hole. 

Actual values. 

Values 
computed 

by 
V2 law. — 

Wind speed in miles per hour. 

20 30 40 50 60 

1 + 1.000 +0.998 +1.006 + 1.000 + 1.004 + 1.000 
2 + .608 + .602 + .602 + .604 + .600 + .602 
3 "1” .066 + .066 + .072 + .068 + .066 + .067 
4 — .332 - .348 - .346 - .350 - .356 - .357 
5 .612 .608 .594 .604 .594 .602 
6 .704 .712 .696 .706 .700 .704 
7 .780 .784 .764 .768 .766 .771 
8 .688 .698 .668 . 668 .662 .674 
9 .586 . 586 .572 .566 .552 .567 

10 .414 .408 .386 .386 .380 .388 
11 .178 .176 - .158 - .152 - .146 - .158 
12 — .026 - .010 + .016 + .022 + .024 + .016 
13 + .142 + .154 + .158 + .150 + .146 + .148 
14 + . 178 + .172 + .170 + .168 + .162 + .164 

p=point pressure at any hole. 
ip point pressure at nose. 

TABLE I Y.-Along-stream forces per foot run of strut No. 2 expressed in pounds and in terms of total measured drag— 
Zero pitch and yaw. 

Air 
speed 

(m. p.h.). 

Downstream. Upstream. Pressural 
drag 

i2p= P i 
— P2. 

Frictional 
drag 
Ri. 

Total 
drag 

R—Rp 
+Rt- Push. Suction. Total, Pi. Push. Suction. Total, P2. 

POUNDS PER FOOT RUN. 

20 0.0624 0.0477 0.1101 0.0132 0.0818 0.0940 0.0151 0.0036 0.0187 
30 .1405 .1030 .2435 .0294 .1831 .2125 .0310 .0075 .0385 
40 .2497 .1769 .4266 .0521 .3254 .3775 .0491 . 0155 .0646 
50 .3902 .2727 .6629 .0812 .5080 .5892 .0737 .0261 .0998 
60 . 5619 .3859 .9478 .1164 .7308 .8472 .1006 .0406 .1412 

PER CENT OF TOTAL MEASURED DRAG. 

20 334 255 589 71 437 508 81 19 100 
30 365 268 633 76 475 551 82 18 100 
40 387 274 661 81 504 585 76 24 100 
50 391 273 664 81 509 590 74 26 100 
an 398 273 671 82 518 600 71 29 100 

Diagram I. 

Downstream push a. area abo Upstream push at orea efo 
Downstream suction a area ced Upstream suction a orea bed 

Total area =(abo +ced)~ (efo i-bcb)=abqef- geg 
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TABLE V.—Resistance values for Navy No. 2 and No. 3, 5-foot struts with 1132-inch Gap, at various air speeds and zero 

pitch and yaw. 

Air 
speed 

(m. p.h.). 

Measured 
resist¬ 
ance 

(pounds). 

Resist¬ 
ance 

due to 
pressure 

drop 
(pounds). 

Net total 
resist¬ 
ance 

(pounds). 

Net drag 
R per 
foot 

of strut 
at its 

middle 
(lbs./ft.). 

DV 
(in.Xm.p.h.). 

D\ Vi 
(ft. ft./sec.). 

jr R 

c 
D F2 

16. 

in.X(m.p.h.).2 

pLDi F,2 

3 BY 10* INCH NAVY NO. 2 STRUT. 

20 0.0973 0.0038 0.0935 0.0187 60 7.34 0.0000156 0.0366 
30 .2004 .0080 .1924 .0385 90 11.00 .0000143 .0335 
40 .3363 .0131 .3232 .0646 120 14.67 .0000135 .0317 
50 .5186 .0195 .4991 .0998 150 18.34 .0000133 .0307 
60 .7327 .0268 .7059 .1412 180 22.00 .0000131 .0307 
70 .9776 .0346 .9430 .1886 210 25.67 .0000128 .0302 

3 BY 12 INCH NAVY NO. 3 STRUT. 

20 0.0930 0.0043 0.0887 0.0177 60 7.34 0.0000147 0.0347 
30 .1795 .0091 .1704 .0341 90 11.00 .0000126 .0297 
40 .3010 .0150 .2860 .0572 120 14.67 .0000119 .0280 
50 .4612 .0223 .4389 .0878 150 18.34 .0000117 .0275 
60 .6604 .0306 .6298 . 1260 180 22.00 .0000117 .0274 
70 .8952 .0396 .8556 .1711 210 25.67 . 0000116 .0273 

resistance per foot length of strut in pounds. 
D=strut thickness in inches. 
dh= strut thickness in feet. 

C= Shape coefficient. 
F=air speed in miles per hour. 

Fi=air speed in feet per second. 
p/</= 0.00237 slug/feet. 

TABLE VI.—Resistance values for Navy No. 2 and No. 3 5-foot struts with 18-inch Gap at various air speeds and zero 

pitch and yaw. 

Air 
speed 

(m.p.h.). 

Measured 
resist¬ 
ance 

(pounds). 

Resist¬ 
ance 

due to 
pressure 

drop 
(pounds). 

Net total 
resist¬ 
ance 

(pounds). 

Net drag 
R per 
foot 

of strut 
at its 

middle 
(lbs./ft.). 

DV 
(in.Xm.p.h.). 

-DiF, 
(ft. ft./sec.). 

K R 
^ Rg DV2 

16. 

in.X (m.p.h.).2 

pLDi F,2 

3 BY 10J INCH NAVY NO. 2 STRUT. 

20 0.1069 0.0038 0.1031 0.0206 60 7.34 0.0000172 0. 0403 
30 .2185 .0080 .2105 .0421 90 11.00 . 0000156 .0366 
40 .3712 .0131 .3581 .0716 120 14.67 .0000149 .0351 
50 .5647 .0195 .5452 .1090 150 18.34 . 0000145 .0341 
60 .8044 .0268 .7776 .1555 180 22.00 . 0000144 .0338 
70 1.0831 .0346 1.0485 .2097 210 25.67 . 0000143 .0335 

3 BY 12 INCH NAVY NO. 3 STRUT. 

20 0.0947 0.0043 0.0904 0.0181 60 7.34 0.0000151 0.0354 
30 .1938 .0091 .1847 .0369 90 11.00 . 0000137 .0321 
35 .2576 .0119 .2457 .0491 105 12.84 .0314 
40 .3292 .0150 .3142 .0628 120 14.67 . 0000131 .0308 
45 .4123 .0185 .3938 .0788 135 16.50 .0304 
50 .5067 .0223 .4844 .0969 150 18.34 . 0000129 .0304 
55 .6088 .0262 .5826 .1165 165 20.17 .0302 
60 .7272 .0306 .6866 .1373 180 22.00 . 6666127 .0299 
65 .8606 .0350 .8256 .1651 195 23.84 .0306 
70 .9865 .0396 .9469 .1894 210 25.67 .0000129 .0303 

R— Resistance per foot length of strut, in pounds. 
D= strut thickness in inches. 
i>i= strut thickness in feet. 

C= Shape coefficient. 
F= Air speed in miles per hour. 

Fi=> Air speed in feet per second. 
#>/?= 0.00237 slug/lt. 
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TABLE VII.—Effect of gap on shape coefficient at various wind speeds and zero pitch and yaw. 

Gap 
(inches). 

Air speed in miles per hour. 

20 30 40 50 60 70 

Shape coefficient =C=Rgl„LBlV1K 

3 BY 10J INCH NAVY NO.%2 STRUT. 

.03 0.0366 0.0335 0.0317 0.0307 0.0307 0.0302 

.28 .0382 .0345 .0328 .0325 .0319 .0317 

.53 .0397 .0349 .0336 .0328 .0325 .0323 
1.00 .0401 .0360 .0343 '. 0334 .0329 .0329 
1.50 .0401 .0364 .0346 .0337 .0332 .0331 
2.00 .0401 .0365 .0348 .0339 .0335 .0335 
3.00 .0401 .0364 .0349 .0344 .0341 .0339 
4.00 .0398 .0366 .0351 .0347 .0343 .0340 
6.00 .0398 .0366 .0351 .0343 .0339 .0337 
9.00 .0398 .0366 .0351 .0343 .0338 .0336 

12.00 .0398 .0366 .0351 .0342 .0338 .0336 
18. 00 .0403 .0366 .0351 .0341 .0338 .0335 

3 BY 12 INCH NAVY NO. 3 STRUT. 

.03 0.0347 0.0297 0.0280 0.0275 0.0274 0.0273 

.28 .0296 .0296 .0294 .0294 

.53 .0363 .0319 .0304 .0301 .0296 .0295 
1.00 .0369 .0324 .0309 .0303 .0300 .0298 
1.50 .0368 .0335 .0316 .0310 .0309 .0310 
2.00 .0372 .0338 .0321 .0316 .0317 .0324 
3.00 .0371 .0331 .0314 .0308 .0306 .0308 
4.00 .0363 .0324 .0310 .0306 .0303 .0304 
6.00 .0342 .0321 .0309 .0308 .0307 .0314 
9.00 .0360 .0333 .0314 .0309 .0308 .0307 

12.00 .0371 .0331 .0313 .0308 .0308 .0307 
18.00 .0354 .0321 .0308 .0304 .0299 . 0303 
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REPORT No. 138. 

THE DRAG OF C CLASS AIRSHIP HULL WITH VARYING LENGTH OF 
CYLINDRIC MIDSHIPS. 

By A. F. Zahm, R. H. Smith, and G. C. Hill. 

SUMMARY. 

A model of the C class airship hull, when severed at its major section and provided with a 

cylindric mid-body of variable length, had its air resistance increased about in proportion to 

the length of the mid-body up to 3 diameters, and in about the manner to be expected from 

the increase of skin friction on this variable length. For greater length the drag increased less 
and less rapidly. 

As usual for such models, the drag for any fixed length, at 20 to 60 miles an hour, is accu¬ 
rately of the parabolic form RaVn, and hence the drag coefficient is of the hyperbolic form 

CaVn~2, where n is slightly less than 2. 

The variation of G with length is stated in the conclusion. 

INTRODUCTION. 

This report1 was submitted to the National Advisory Committee for Aeronautics for pub¬ 

lication by permission of the Bureau of Construction and Repair, Navy Department. From 

previous tests, described in the bureau’s Report No. 128, it was known that the C class airship 

hull, curving continuously from stern to stern, has an excellent shape coefficient. To ascertain 

whether this could be bettered by introducing a cylindric portion amidships, a new model was 

made and tested in the 8 by 8 foot tunnel for head-on resistance at 20, 30, 40, 50, and 60 miles 
an horn 

DESCRIPTION OF MODEL. 

Figures 1 and 2 give the external appearance and over-all dimensions of this model; also 

the specified and measured offsets. The new hull, first made like the original, was severed at 

its major section, and elongated by inserting cylindric segments of various length and of the 

common diameter 7.7 inches. The segments, which were of dry pine, were provided with brass 

face plates inset into their ends in such way that the successive blocks could be screwed together 

so as to present a uniform and continuous outer surface. The exterior was smoothly sandpapered 

and varnished. The middle portions conformed accurately to specifications; but the bow and 

stern departed somewhat from the specified offsets, as may be seen in figure 2. 

METHOD OF MEASUREMENT. 

During the test the model was suspended by two fine short wires from a horizontal bar 

inside the wind shield shown in figure 1, the bar in turn being supported swing-like by two wires 

attached to the ceiling of a high room above the tunnel. Oscillations in yaw were prevented 

by a slender stern pin running through an eyelet in a taut horizontal wire. No drag corrections 

had to be made for this guide pin, as was proved by careful measurements. The drag correction 

for the static pressure drop along the axis of the tunnel was made as usual by multiplying the 

1 The present report is a slightly altered form of C. & R. confidential Report No. 176, revised for publication by the National Advisory Com¬ 
mittee for Aeronautics, 
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volume of the model by the uniform pressure gradient. The drag was measured with the model 

supported first by two wires, then with two additional wires 10 diameters to one side of the others. 

The increment of resistance so found was subtracted from the original to determine the drag 

of the hull alone plus that of the horizontal bar to which the suspension wires were attached 

inside the wind shield. The slight resistance of this horizontal bar within the shield, and the 

pressure drop just mentioned, were then deducted to find the true drag on the hull alone. The 

wind speed could be held fixed and, after preliminary study, could be determined truly to one- 

half of 1 per cent in the region to be occupied by the model. The displacement of the model 

along stream could be measured with this precision at all the speeds employed above 30 miles 

an hour. 
RESULTS OF THE TEST. 

Figure 3 gives the net drag on the airship hull at all speeds from 20 to 60 miles an hour, 

with all lengths of cylindrical middle body from zero to 5 diameters. The straight lines in 

the lower part of the cut give the shape coefficient, plotted against VL as usual, for the model 

with the longest middle segment and with no middle segment. These two graphs do not blend 

because the hull shapes differ. 
As usual in such experiments, the drag, for the range of speeds used, is accurately of the 

parabolic form R =KVn, and hence the drag coefficient is of the hyperbolic form CaVn~2, where 

n is slightly less than 2. This method of plotting the air resistance and shape coefficient has 

been used for nearly two decades, and is known to give, for a certain speed range, straight line 

graphs for many other shapes besides surfaces of revolution. 

The dots on the graphs in figure 3 represent corrected resistances. Each graph is derived 

from a separate sheet setting forth in detail the observations, as in figure 6. This and the seven 

other preliminary data plates, which latter are omitted for brevity, justify the placing of the 

dots in figure 3 all directly upon the straight line graphs. It is not, however, assumed that the 

straight line plot is applicable to indefinitely higher and lower speeds. 

Figure 4 gives the total resistance of the model plotted against the length of the cylindrical 

middle. As the length of the cylindrical segment increases from 1 to 3 diameters, the increase 

of resistance is nearly uniform, and is approximately what should be expected from the increase 

of skin friction on this length. Beyond 3 diameters of length the rate of increase of total drag 

falls off more and more rapidly, due partly to the lessening of skin friction with length of sur¬ 

face and partly perhaps to the change of pressure distribution over the bow and stern. This 

fluctuation of pressure may in part cause the variations of n observable in figure 3. 

As may be inferred from the nearly horizontal portion of this graph at the origin, a very 

short cylindrical segment will benefit the model more by increasing its volume than it will 

injure it by increasing its resistance. This inference is corroborated by the diagram in figure 5 

giving the shape coefficient versus length of cylindrical middle portion. This diagram shows 

that the shape coefficient is improved with increase of straight middle body up to rather more 

than half a diameter, after which it slowly increases up to about 4 diameters, then declines with 

further increase of length as far as tested. The extreme length of the cylindrical portion was 

5 diameters and the over-all length of the model was then 9.5 diameters. The indications are 

that the shape coefficient would continue to diminish with increasing length of middle body up 

to a fineness ratio too great for practical use. 
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Fig. 1.—“C Class” airship hall with cylindric midship, suspended for drag measurements in wind tunnel. 
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Fig. 2.—“C Class airship hull with cylindric midships. Chief dimensions. 

[Maximum diameter, 7.7 inches.] 

Diameter a t station. 0 1 2 3 4 s 
O 6 7 8 10 12 14 16 16.6 18 20 22 

Specified. 0 2.002 
2.05 

3.494 
3. 54 

4.572 
4.63 

5.376 
5.45 

5.964 
6.01 

6.408 
6.16 

6.758 
6.82 

7.022 
7.09 

7.366 
7.41 

7. 558 7.660 
7.6S 

7.698 
7.71 

7.700 
7.70 

7.680 
7.69 

7,594 
7.61 

— 

7. 476 Actual. 0 
7. 49 

Diameter at station. 24 26 28 30 32 34 36 38 40 41 42 43 44 45 46 47 48 

Specified. 7.318 7.116 6. 886 
6.92 

6.636 
6.67 

6. 340 
6. 41 

6.010 
6.08 

5. 634 
5. 70 

5.216 
5.27 

4.738 
4.75 

4.472 
4.48 

4.196 3.890 
3.90 

3. 532 
3.54 

3.118 
3.12 

2.562 
2. 59 

1.824 
1.81 

0 Actual. 7.34 7.14 0 

AU dimensions in inches. Distance between stations=0.73732 inch, 

Fig. 4.—“C Class” airship hull with cylindric midships. Resistance 
versus midship length at 40 m. p. h. 

Fig. 5.—"C Class” airship hull with cylindric midships. Air speed 
40 m. p. h. 
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Fig. 3.—C Class” airship hull with cylindric midships. Resistance and shape coefficients for 
various midship lengths. 

Fig. 6.—“C Class” airship hull with cylindric midships. 
Resistance at various wind speeds. 
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Table I.—Resistance of C class airship hull. 

[Maximum diameter, 7.7 inches.] 

Air 
speed 

%p- 

Displace¬ 
ment due 
to model 

and 4 wires 
(inches). 

Corre¬ 
sponding 
resistance 
(pounds). 

Displace¬ 
ment due 
to model 

and 2 wires 
(inches). 

Corre¬ 
sponding 
resistance 
(pounds). 

Resistance 
of model 
without 

wires 
(pounds). 

Resistance 
due to 
frame 

(pounds). 

Resistance 
due to 

pressure- 
drop 

(pounds). 

Net total 
resistance 
(pounds). 

Length of parallel middle hody zero. 

' 20 0.313 0.0340 0.282 0.0307 0.0275 0.0008 0. 0030 0.0237 
30 .671 .0729 .601 .0653 . 05S1 .0019 .0063 .0499 
40 1.151 .1251 1.039 .1129 .0998 . 0036 . 0103 .0859 
50 1.759 .1912 1.572 .1709 .1515 .0059 .0153 .1303 
60 2.462 .2676 2.203 .2395 .2130 .0089 .0210 .1831 

Length of parallel middle hody one-fourth maximum diameter of hull. 

20 0.305 0.0369 0.271 0.0328 0.0283 0.0008 0.0032 0.0243 
30 .655 .0792 .577 .0698 .0602 .0019 . 0068 .0515 
40 1.123 .1358 .981 .1186 .1028 .0036 .0111 .0881 
50 1.690 .2043 1.500 .1814 .1562 .0059 .0165 .1338 
60 2.384 .2882 2.092 .2529 .2185 .0089 .0227 .1869 

Length of parallel middle body ono-half maximum diameter of hull. 

20 0.307 0.0391 0.269 0.0343 0. 0295 0. 0008 0. 0034 0. 0253 
30 .651 .0830 .573 .0731 .0631 .0019 .0073 .0539 
40 1.100 .1403 .978 .1247 .1092 .0036 .0120 .0936 
50 1.675 .2136 1.490 .1900 .1658 .0059 .0178 .1421 
60 2.331 .2972 2.085 .2658 .2350 .0089 . 0244 .2017 

Length of parallel middle body maximum diameter of hull. 

20 0.309 0.0436 0.275 0.0388 0.0343 0. 0008 0.0039 0.0296 
30 .649 .0915 .581 .0819 .0723 .0019 .0083 .0621 
40 1.089 .1535 .980 1382 .1228 .0036 .0137 .1055 
50 1.643 .2317 1.483 .2091 .1850 .0059 .0203 .1588 
60 2.280 .3215 2.052 .2893 .2585 .0089 .0279 .2217 

Length of parallel middle body twice maximum diameter of hull. 

20 0.300 0.0504 0.276 0.0464 0.0423 0.0008 0.0049 0.0366 
30 .620 .1042 .569 .0956 .0872 .0019 .0104 .0749 
40 1.045 .1757 .962 .1617 .1460 .0036 .0171 .1253 
50 1.576 .2649 1.437 .2416 .2182 .0059 .0254 .1869 
60 2.201 .3700 1.998 .3359 .3010 .0089 .0349 .2572 

Length of parallel middle body three times maximum diameter of hull. 

20 0.290 0.0567 0.269 0.0526 0.0483 0.0008 0.0059 0. 0406 
30 .612 .1197 .560 .1095 .1001 .0019 .0125 .0857 
40 1.038 .2030 .948 .1854 .1706 .0036 .0205 .1465 
50 1.562 .3055 1.442 .2821 .2585 .0059 .0304 .2222 
60 2. 192 .4288 2.023 .3957 .3625 .0089 .0418 .3118 

Length of parallel middle body four times maximum diameter of hull. 

20 0.268 0.0611 0.251 0.0572 0.0535 0.0008 0.0069 0.0458 
30 .569 .1297 .532 .1212 .1121 .0019 .0146 .0956 40 .969 .2208 .902 .2056 .1917 .0036 .0240 .1641 
50 1.460 .3327 1.361 .3102 .2875 .0059 .0355 .2461 
60 2.050 .4672 1.909 .4351 .4030 .0089 .0488 .3453 

Length of parallel middle body five times maximum diameter of hull. 

20 0.255 0.0650 0.239 0.0609 0.0557 0.0008 0. 0079 0.0470 30 . 552 .1408 .510 .1301 .1198 .0019 .0166 . 1013 40 .938 .2392 .875 .2231 .2075 .0036 .0274 . 1765 50 1.418 .3616 1.327 . 3384 .3155 .0059 .0406 .2690 60 1.982 . 5054 1.866 .4758 .4460 .0089 .0557 .3814 
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Table II.—Shape coefficient and corresponding values of VL for C class airship hull. 

Air 
speed in 
m. p. h. 

Shape, 
coefficient, 
C=Ryp 

( Volytp vi 

VXI. 
(ft.XIt./sec.). 

VL 
(ft.Xmi./hr.). 

Length of parallel middle body zero. 

20 0. 01587 86.6 59.0 
30 . 01485 129.8 88.5 
40 . 01438 173.1 118.0 
50 . 01396 216.4 147.5 
60 . 01362 259.7 177.0 

Length of parallel middle body one-fourth maxi- 
mum diameter of bull. 

20 0.01543 91.3 62.2 
30 . 01453 136.9 93.3 
40 . 01398 182.5 124.4 
50 . 01359 228.1 155. 5 
60 . 01318 273.7 186.6 

Length of parallel middle body one-haif maxi¬ 
mum diameter of hull. 

20 0.01529 95.9 65.4 
30 .01448 143.9 98.1 
40 .01414 191.8 130.8 
50 . 01374 239.9 163. 5 
60 . 01351 287.8 '196.2 

Length of parallel middle body maximum diam¬ 
eter of hull. 

20 0.01637 105.3 71.8 
30 . 01526 158.0 107.7 
10 . 01458 210.7 143.6 
50 . 01405 263.3 179.5 
60 .01362 315.9 215.4 

Length of parallel middle bodv twice maximum 
diameter of hull. 

20 0.01745 124.1 84.6 
30 . 01587 186.1 126.9 
40 .01494 248.2 169.2 
50 . 01426 310.3 211.5 
60 . 01363 372.2 253. S 

Length of parallel middle body three times maxi¬ 
mum diameter of hull. 

20 0.01715 142.9 97.4 
30 .01609 214.3 146.1 
40 . 01547 285.8 194.8 
50 . 01500 357.2 243.5 
60 . 01463 428.6 292.2 

Length of parallel middle body four times maxi¬ 
mum diameter of hull. 

20 0.01716 161.7 110.2 1 
30 . 01620 242.4 165.3 
40 . 01564 323.3 220.4 
50 . 01501 404.2 275.5 
60 . 01462 484.9 330.6 

Length of parallel middle body fire times maxi¬ 
mum diameter of hull. 

20 0. 01639 180.4 123.0 
30 . 01570 270.6 184.5 
40 . 01539 360.9 246.0 
50 .01501 451.1 307.5 
GO .01478 541.2 369.0 

Resistance of model in pounds. 
b=* Length of model in feet. 

Vo/= Volume of model in cubic feet, 
t fWind speed in feot per second. 
V= Wind speod in miles per hour. 
p=* Air density in pounds per cubic Toot. 

p/ff=*0.00237 slugs per cubic foot. 
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REPORT No. 139. 

INFLUENCE OF MODEL SURFACE AND AIR FLOW TEXTURE ON RESIST¬ 
ANCE OF AERODYNAMIC BODIES. 

By A. F. Zahm. 

PREFACE. 

The following text, submitted for publication to the National Advisory Committee for 

Aeronautics, is a slightly revised form of the unpublished Report No. 160 from the Aerodynam¬ 

ical Laboratory, Bureau of Construction and Repair, Navy Department, written in December, 

1920. 
RESISTANCE OF SMOOTH MODELS IN A SMOOTH STREAM. 

General formula.—Following the lead of Newton,1 Stokes,2 and Helmholtz,3 Lord Rayleigh4 

expresses the drag of a body of fixed shape and presentation moving uniformly through a vis¬ 

cous incompressible fluid, or a series of geometrically similar models so moving, by the theo¬ 
retically derived formula— 

D = pL2V2f (LV/v)____(1) 

in which p denotes the fluid density, v the kinematic viscosity, L a linear dimension of the 

body, V the speed of translation. In the process of derivation, which is too well known to 

require treatment here, it is shown that the relative movement of the fluid and model, for 

varying values of L, V, v, remains geometrically similar iff (LV/v) remains constant. External 

forces, such as gravity, are assumed not to be influencing the motion. 

Physical significance of pV2.—The quantity pV2 is the well-known “impulse” of hydro¬ 

mechanics. For example, a jet of one square unit cross-section issuing horizontally from a 

tank requires a force p V2 to maintain it, and reacts with the force — p V2. Also an obstacle in 

a Newtonian stream of inelastic particles sustains a force pV2 per unit of normally exposed 

area, and a total force ocpL2V2. Calling pAV2 the “standard impulsive drag,” due to such an 

ideal fluid, and CpAV2 the “actual drag” in any fluid of the same density, makes C the ratio 

of the actual to the standard drag. A like formula can be shown to apply to an inclined plane 
or the front of a solid surface.5 

If said unit jet is of a continuous fluid and strikes a normal plane, flattening without re¬ 

bound, it exerts a push pV2 and a maximum point-pressure pF2/2; that is, the impulse of the 

unit jet is twice its greatest dynamic pressure per unit area. These relations are well known.5 

If an obstacle in a continuous stream sustains a mean pressure C'p V2/2 per unit of frontally 

projected area, its total drag is %C'pAV2; wherefore C/ = 2C. But if the body is surrounded 

by a guard ring its front pressure is everywhere pV2j2, and its corresponding drag is 

$pAV2. Calling this the “standard pressural drag” makes C' the ratio of the actual to the 
standard drag. 

It appears then that both the foregoing expressions, CpAV2 and ^C'pAV2, for the actual 

drag have some physical meaning; the one having reference to a distributed impulse, the other 

to a distributed pressure; while the coefficient for each is the ratio of the actual drag to an 
ideal standard drag. 

Absolute coefficient.—Denoting by C the dimensionless multiplier, or “ absolute coefficient,” 
(1) may be written 

C=f(LV/v)rD/pDV2,....(2) 
an equation commonly used in plotting fluid resistance data, in which the single quantity LV/v, 

called “Reynolds number,” is the independent variable. 

1 Principia, Book II, Proposition 32. 

2 Mathematical and Physical Papers, Vol. Ill, p. 117. 

3 Wissenschafthohe Abhandlungen, Vol. II, p. 15S. 

• Phil. Mag. XXXIV, p. 59 (1892); Scientific Papers, p. 575. 

3 See Journ. Frank. Inst. Mar., 1912, article “Aerodynamics.” 
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Plain graphs.—For very accurate experimental values of V, L, v, plots of (2) commonly 

portray C as a one-valued function of the single variable LV/v, in which either or all of the 

three component quantities may be variable. Usually the plot is a curve, on plain section 

paper; sometimes it is a practically straight line for a considerable range of LV/v, indicating 

that the drag increases as the square of the speed. 

Loqarithmic qraphs.—Wind tunnel data frequently give, when V alone varies, 

D = aVn,_(3) 

in which a and n are positive constants. Consequently (2) becomes 

(7=6Fn-2,....-.-.(4) 

and the plots on logarithmic paper delineate both (3) and (4) as straight lines. When n = 2, the 

line (4) is horizontal; when less than 2, it slopes downward. On plain section paper (3) is a 

parabola, (4) an hyperbola. 

For moderate speed ranges many kinds of models have straight-line drag-versus-speed 

diagrams on logarithmic paper. Struts round and faired, aerofoils at fixed incidences, airship 

hulls, are examples. When such forms are blunt, or so presented as to produce turbulence, 

n is close to 2; when they are more and more faired n diminishes and approaches its value 

for skin-friction planes. These facts have been known many years. Thus in an article pub¬ 

lished in the Philosophical Magazine for May, 1904, the present writer presented such straight- 

line diagrams, and stated that (3) applies to all the shapes tested at the limited speeds avail¬ 

able in his tunnel—5 to 40 feet per second—but might not be extended to considerably higher 

speeds. Both statements are well illustrated, for limited speed ranges, by the data since 

obtained in various other aerodynamical laboratories. 

RESISTANCE AS A FUNCTION OF SURFACE TEXTURE. 

Symbol for surface roughness.—In the derivation of (1) true geometrical similarity, both 

in form and texture of the boundary surface of the models, is assumed and is supposed to be 

expressed by L. Now let L refer only to the general size of the surface, and let Z/Z denote 

a measure of the comparative roughness, l being a measure of the roughness. Then if the 

model remains perfectly similar to itself, while changing size, Z/Z must remain constant. 

Incidentally it is noteworthy that, since geometrical similarity in the stream-and-model 

system requires the size and disposition of the disturbances in the stream to bear a constant 

ratio to the size of the model, the equation Z/Z = constant may express also that relation, 

where Z now denotes a measure of said size or disposition. If the several kinds of influence 

coexist, they may be symbolized by as many different letters. 

Monoline graphs for constant surface texture.—In this case it can be expected that (1) will 

plot as a single locus so long as VL/v is constant, and provided other influences, such as com¬ 

pressibility and gravity, can be ignored. Likewise when Z/Z is negligible, that is when Z is 

sufficiently small or L sufficiently large, the resistance should be one-valued so long as VL/v 

is kept constant. 

Multiform graphs varying with surface texture.—In other cases, i. e., when Z/Z is not 

constant and not negligible, D must be a many-valued function and may be written— 

D = p L2V2f (VL/v, Z/Z;)_(5) 

This formula indicates that with VL/v constant a multiform graph is obtained in two cases: 

(1) when the roughness Z is varied while the size of the model is unaltered; (2) when the 

size of the model is varied while the surface texture remains unaltered; and further that such 

multiform graphs have as their limit the single locus of D for l/L = 0. 

For example, in the experiments cited above the writer found that when Z and p were 

kept constant while V varied, a great variety of graphs of D were obtained with a given skin- 

friction plane by merely altering the texture of the surface. The plane, which was held 

lengthwise of the air stream, measured 4 feet long by 2 feet wide by 1 inch thick and bore a 

smooth streamline prow and stern. On plane section paper its drag-velocity graphs all passed 

through a common point, the origin, and had the general form (3) in which n varied from 

1.85 lor a quite smooth surface to 2 for a comparatively rough one. 
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RESISTANCE A FUNCTION OF FLOW TEXTURE. 

Symbol for flow roughness.—As the adding of an independent surface-roughness variable l, 

to the surface-size variable L made (1) a many-valued function, so may the adding of a flow- 

roughness variable v to the smooth-flow variable V. For if V represents the steady velocity, 

relatively to the model, of the smoothly flowing distant fluid and v is a measure of the velocity 

vectorially superposed on V to roughen the flow, then v/ V is a geometrical measure of the com¬ 

parative flow roughness. Hence in order that the fluid roughness shall remain perfectly similar 

to itself while changing its general stream velocity V, its comparative roughness v/V must be 

constant. 

Monoline graphs for constant flow texture.—In this case (1) plots as a single graph so long as 

VL/v remains constant. Likewise when v/V is negligible, that is when v is sufficiently small or 

V sufficiently large, the resistance should be one-valued so long as VL/v is kept constant and 

other influences remain immaterial. 

Multiform graphs varying with flow texture.—But in case v/ V is not constant in repeated 

tests of the same model the drag 

D = pi?V2f2(VL/v, v/V)_(6) 

will plot as a multiform graph determined by the variation of comparative flow roughness v/ V. 

For example, if V is held fixed while a variety of screens in turn are placed before the model, a 

great variety of values of I) are found, that is, a great variety of coefficients of resistance of the 

same model in the same medium. 

To illustrate further, suppose a fine strut or double-cambered aerofoil, set at zero pitch 

and yaw in a large uniform air stream, to have just before it an ample honeycomb capable of 

translation across current. If then the steady wind speed is V, the angle of incidence against 

the plane of symmetry of the model is zero for the honeycomb stationary, but tan —1 (v/ V) for 

it moving across stream with the velocity v normal to said plane. This angle, depending on 

v/ V, is fixed only when v/ V is fixed, and varies when v or V varies independently. The same 

holds if the honeycomb oscillates to and fro across stream so as to cause a wavy current. It is 

obvious, therefore, that such a wavy stream, if begot in any other way will cause a variable 

resistance coefficient unless its flow roughness v/V remains constant. Indeed, for a thin strut 

the drag coefficient may even become negative when tan — 1(v/V) slightly exceeds 10°, so that 

while this quartering stream lasts the strut may be actually pulling upstream. 

Negative drag in pulsating wind.—To illustrate this last phenomenon, let the wavy stream 

for an instant meet the strut set at zero pitch and yaw. Then the downstream drag along 

the unyawed direction is— 

DX = D cosoc — L since_(7) 

where L and D are the lift and drag referred to the instantaneous wind course, making the 

angle a to the steady direction. From (7) it is seen that the net drag is zero when— 

L/D = cota__(8) 

and is upstream or downstream according as L/D^cota. 

The following cotangents comprise ordinary L/D values: 

Angle_ 4° 6° 8° 10° 12° 14° 

Cotan_14.3 9.5 7.1 5.67 4.7 4.0 

For instance, in British It. and M. Report No. 183 the following values af L/D are found 

for a fairly flat strut at various angles of yaw: 

Incidence_ 5° 7.5° 10° 

L/D- 10.07 11.2 10.65 

From these tables it appears that such a strut can have a negative resistance in side winds of 
6° to 10° referred to its plane of symmetry. 
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Such winds may be due to side slip, skidding, sudden gusts, etc. So also a wing beating 
up and down without torsional rotation in still air, or soaring stiff in an atmosphere beating up 
and down, may have some amount of upstream propulsion. It would therefore be interesting 
to determine experimentally what shapes are best adapted to self-propulsion in gusts or wavy 
streams, and how much energy may in practice be extracted in this manner from aerial turbu¬ 
lence by aircraft or bird. 

MORE GENERAL RESISTANCE FORMULAS. 

Drag formula involving both surface and flow texture.—From what precedes it appears that 
formula (1), when revised to take account of the texture both of the model’s surface and of the 
fluid stream passing it, takes the general form—- 

D = L>V>UVL/v,HL, v/V)....(9) 

Formula involving gravity and compressibility.—As is well known, when gravity and com¬ 
pressibility are taken into account the resistance formula (1) may be written 

D = pD F2/4( VL/v, V/a, V2/Lg)-(10) 

where a is the velocity of sound in the medium, and g the acceleration of gravity. 

CONCLUSION. 

From the foregoing treatment, which may also be extended to the other force components 
and the moment, it appears that the shape coefficient O, given in (2), may at times be a func¬ 
tion of many other variables besides Reynolds number VL/v. Hence it is not surprising that 
various experimenters in fluid dynamics, using the same model and same value of VL/v, should 
discover materially different coefficients. 

If the formula 

C=f(VL/v,l/L, v/V, V/a, V2/lg)...(11) 

were kept in mind, or something still more complex, it would serve as a warning not to expect 
the same results from apparently similar hydrodynamic measurements without a close scrutiny 
of the, attendant circumstances. One of the pressing tasks now before aerodynamic experi¬ 
menters is to ascertain what agreement can be found among the values of C in (9) for the same 
model tested in various laboratories. 
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REPORT No. 140. 

LIFT AND DRAG EFFECTS OF WING-TIP RAKE. 

By A. F. Zahm, R. M. Bear, and G. C. Hill. 

INTRODUCTION. 

In order to furnish some needed data for wing end design, models of the Royal Aircraft 

Factory 6, Albatross, and Sloane aerofoils were made, verified, and tested at 35 miles per hour 

in the 4 by 4 foot wind tunnel, to determine the lift and drag effects of varying the amount 

of rake of the wing tips. The results are submitted in this report for publication by the 

National Advisory Committee for Aeronautics by permission of the Bureau of Construction 
and Repair, Navy Department. 

DESCRIPTION OF MODELS. 

Figuies 1, 2, and 3 give the chief dimensions of these models; also their offsets, both spec¬ 

ified and actual. The models were planed out of a bronze casting, as usual, and were then 

shaped at the ends by running fine saw cuts across the finished form; first obliquely to give 

the longer tip, as shown, then squarely to detach this. Dowel pins were provided by which 

the tips could in each case be readily slipped into their proper position or removed. The longer 

tip, aftei its test, was amputated to make the shorter one. The straight oblique edges of the 

tips were rounded to an approximately circular bevel to diminish the head resistance. The 

surface of the aerofoils was not shellacked nor polished but left smooth and bright as it came 
from the automatic planer. 

Distance from leading 
edge. 

Upper camber: 
0.000 0. 010 0.025 0.050 0.100 0.150 0.200 0.250 0.300 0.400 0.500 0. 600 0.700 0.800 0. 900 0.950 0.995 1.000 

Specified... 
Actual. 

Lower camber: 

.0073 

.0073 
.0197 
.0213 

.0337 

.035 
.050 
.051 

.0707 

.070 
.0827 
.081 

.090 

.0873 
.094 
.0913 

.0963 

.0933 
.094 
.0910 

.0857 

.083 
.0733 
.0707 

.060 

.057 
.043 
.0403 

.0247 

.0223 
.015 
.0127 

.0053 

.0027 
.0037 

Specified... 
Actual. 

.0073 

.0047 
.000 
.000 

.002 

.0013 
.006 
.0057 

.0127 

. 0123 
.0177 
.0173 

.0213 

.021 
.0237 
.024 

.025 

.0263 
.0263 
.0277 

.025 

.0267 
.0217 
. 0233 

.0177 

.0197 
.0127 
.0147 

.0067 

.0087 
.003 
.004 

.000 

.002 
.0037 

O Asets (measured from and J_ to chord.) 
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. Distance from leading 
edge. 0.000 0.025 0.050 0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800 0.900 0.982 1.000 

Upper camber: 
007 .0257 .034 .0437 .0527 .0563 .0563 .053 .0483 .041 .0327 .0213 .0057 
007 .0257 .0347 .0443 .0517 .055 .0547 .0517 .0467 .0393 .0303 .0190 .0066 

Lower camber: 
. 007 .0007 .000 .0013 .005 .0063 .0057 .0047 .0037 .0033 .002 .0007 .0057 

Actual. .0023 .000 .000 .0017 .0043 .0057 .005 .0043 .003 .002 .0013 .0007 .0053 

Offsets (measured from and 'Xrt°-ch°r(l)- 

[All dimensions given as decimal part of chord.] 

Distance from leading 
edge. 0.000 0. 0123 0.025 0. 050 0.100 0.200 0.300 0.400 0.050 0. 600 0.700 0.800 0.900 1.000 

Upper camber: 
Specified. .005 .022 0.32 .044 .060 .074 .0767 .075 .071 .0647 .0557 .044 .027 .005 
Actual. .005 .024 .034 .0467 .0623 .0753 .0783 .0763 .0723 .066 .0567 .0453 .0283 .0067 

Lower camber: 
Specified. .005 .000 .0007 .002 .004 .0067 .01573 .0067 .0053 .0043 .0033 .002 .001 .005 
Actual. .0043 .000 .0003 .0017 .0037 .0063 .0077 .008 .007 .0053 .004 .003 .0013 .005 

Offsets (measured from and X to chord). 

METHOD OF TEST. 

During the tests each aerofoil in turn was held vertical and well upstream with a thin 

flat steel bar which pointed horizontally forward from the tip of the balance spindle and was 

slitted at its end, made to clamp the after middle of the model, and soldered to it. Thus the 

resultant drag at all angles of attack was horizontal and on a level with the aerofoil center. 

After a complete set of lift and drag readings at all incidences from —6° to 16° were taken 

with square, medium-raked, and long-raked tips, the tests were repeated with the holder 

unsoldered from the aerofoil but not removed. During these check runs the model was set 

in incidence with a dummy end spindle reaching down from the tunnel ceiling, and was steadied 

with horizontal stay wires fixed to the tunnel walls. 

RESULTS OF THE TEST. 

Iables I to XII, inclusive, and figures 4, 5, and 6 give the data of the test and the values 

derived therefrom. The general effect can best be seen in the comparative Tables IV, VIII, 

and XII. These show that for all three of the aerofoils and at practically all angles of incidence 

the lift coefficient is greater with the half tip, and still greater with the whole tip, than with 

the square one. The percentage increase is given in the columns marked ‘‘lift coefficient.’’ 
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The columns of drag coefficients show that there is little to choose between the half and the 

whole tip, but that both give a considerably greater drag coefficient than that of the standard 

square tipped aerofoil. A few exceptions to this general statement may be noted in the drag 

coefficient columns. As seen in the last two columns of these tables, the general effect of the 
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Fig. 4.—Albatross aerofoil. Lift and drag coefficients and L/D. Air 

speed 35 m. p. h. 
Fig. 5.—Sloane aerofoil. Lift and drag coefficients and L/D. Air 

speed 35 m. p. li. 

raked tips is to improve the lift/drag of the aerofoils at all except the higher angles. At inci¬ 

dences below the angles of greatest efficiency the raked tips on all three of the aerofoils cause 

a decided improvement of efficiency which is greater for the long raked tip than for the short 
one. 
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Fig. 6.—R. A. F 6aerofoil. Lift and drag coefficients and L/D. 

speed 35 m. p. h. 
Fig. 7.—Albatross aerofoil. Lift coefficients for various tips. 

Air speed 35 m. p. h. 

ACTUAL v. COMPUTED VALUES. 

Figures 7, 8, and 9 give the foregoing lift coefficients plotted against computed values 

for raked tips. The method of computing the effect of rake was taken from Reports & Mem¬ 

oranda No. 575 of the British Advisory Committee for Aeronautics, and need not be given in 
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detail here. Over a considerable range of all the graphs the computed values agree closely 
with the observed values for raked tips; but in the region of maximum lift the computed 
values are increasingly too large. 

Fig. 8.—Sloane aerofoil. Lift coefficient for various tips. Air 

speed 35 m. p. h. 

Fig. 9.—R. A. F. 6 aerofoil. Lift coefficient for various tips. 

Air speed 35 m. p. h. 

Though no general conclusions can be drawn from such a limited study, it furnishes some 
evidence in favor of the common practice of pointing the wing tips obliquely backward. Doubt¬ 
less the end effect for wings, like that for struts, is largely due to local changes of flow, and 
hence must be relatively of less importance as the aspect ratio increases. Both phenomena 
could be better elucidated by mapping the flow in the region where the overspill occurs, and 
noting the improved smoothness caused by sharpening the ends. 

TABLE I.—Li t and drag coefficients and liftjdrag—-18 by 3 inches R. A. F. 6 aerofoil without wing tips—air speed 35 
miles per hour. 

Angle of 
i ncidence 
(degrees). 

Lift coeffi¬ 
cient Lc. 

Drag coeffi¬ 
cient De. 

Lift/drag. Lift coeffi¬ 
cient Ky. 

Drag coeffi¬ 
cient Kx. 

- 6 -0.1584 0.0403 - 3.93 -0.000809 0.0002058 
- 3 - .0381 .0214 - 1.78 - .000194 .0001095 
- 1 + .0618 .0145 + 4.26 + .000316 . 0000740 

0 .1189 .0130 9.15 . 000607 . 0000666 
+ 1 .1709 .0127 13.46 . 000873 . 0000646 

2 .2138 .0132 16.20 .001092 . 0000672 
3 .2528 .0145 17.43 . 001291 . 0000742 
4 .2897 .0167 17.35 . 001479 . 0000851 
6 .3613 .0223 16.20 . 001845 .0001138 
8 .4327 .0291 14.87 . 002210 . 0001486 

10 .5013 .0372 13.48 . 002560 . 0001902 
12 .5552 .0465 11.94 . 002835 . 0002374 
14 .5834 .0568 10.27 . 002979 . 0002898 

+ 16 + .5630 .0729 + 7.72 + .002875 .0003725 

TABLE II.—Lift and drag coefficients and liftjdrag—18 by 3 inches R. A. F. 6 aerofoil with half wing tips—air speed 35 
miles per hour. 

Angle of 
incidence 
(degrees). 

Lift coeffi¬ 
cient L„. 

Drag coeffi¬ 
cient D0. Lift/drag. Lift coeffi¬ 

cient Ky. 
Drag coeffi¬ 
cient K*. 

- 6 -0.1726 0.0406 - 4.25 -0.000882 0.0002074 
- 3 - .0412 .0205 - 2.01 - .000211 .0001048 
- 1 + .0669 .0141 + 4.74 + .000342 . 0000720 

0 .1307 .0128 10.21 . 000667 . 0000653 
+ 1 .1849 .0126 14.64 .000945 . 0000645 

2 .2308 .0133 17.39 .001179 . 0000678 
3 .2723 .0147 18.47 .001391 . 0000753 
4 .3114 .0167 18.61 . 001591 .0000855 
6 .3836 .0221 17.38 . 001960 . 0001127 
8 .4534 .0291 15.56 . 002316 . 0001449 

10 .5231 .0375 13.93 .002672 . 0001917 
12 .5848 .0472 12.38 . 002987 . 0002411 
14 .6038 .0589 10.25 .003084 . 0003008 

+16 + .5848 .0779 + 7.51 + .002987 .0003976 
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TABLE III.—Lift and drag coefficients and lift!drag—18 by 3 inches R. A. 
35 miles per hour. 

F. 6 aerofoil with whole wing tips—air speed 

Angle of 
incidence 
(degrees). 

Lift coeffi¬ 
cient L,. 

Drag coeffi¬ 
cient D0. Lift/drag. Lift coeffi¬ 

cient Ky. 
Drag coeffi¬ 
cient Kx. 

- 6 -0.1753 0.0397 - 4.42 -0.000895 0.0002025 
— 3 - .0407 .0204 - 1.99 - .000208 .0001043 
— 1 + .0741 .0138 + 5.35 + .000378 . 0000707 

o .1383 .0125 11.03 . 000706 . 0000640 
+ 1 .1952 .0124 15.80 . 000996 . 0000630 

2 .2415 .0133 18.18 . 001233 . 0000678 
3 .2829 .0152 18.57 . 001444 . 0000777 
4 .3219 .0177 18.21 . 001643 . 0000902 
6 .3957 . 0238 16.64 . 002020 . 0001213 
8 .4661 .0314 14.86 . 002379 .0001601 

10 .5336 .0405 13.18 . 002724 . 0002065 
12 .5842 .0505 11.57 . 002982 .0002577 
14 .5942 .0631 9.42 . 003033 . 0003222 

+ 16 + .5621 .0829 + 6.78 + .002869 . 0004233 

TABLE IV.—Comparison of 18 by 3 inches R. A. F. 6 aerofoil characteristics for different wing tips—aerofoil without wina 
tips taken as standard air speed 35 miles per hour. 

Angle of 
incidence 
(degrees). 

Lift coefficient. Drag coefficient. Lift/drag. 

Half Whole Half Whole Half Whole 
wing wing wing wing wing wing 
tips. tips. tips. tips. tips. tips. 

- 6 1.090 1.106 1.007 0.985 1.081 1.125 
- 3 1.081 1.067 .958 .953 1.118 1.146 
- 1 1.082 1.198 .972 .952 1.112 1.255 

0 1.100 1.163 .985 .962 1.116 1.205 
+ 1 1.081 1.142 .992 .977 1.087 1.174 

2 1.079 1.129 1.007 1.007 1.073 1.122 
3 1.075 1.118 1.013 1.048 1.060 1.065 
4 1.068 1.108 1. 000 1.060 1.072 1.050 
6 1.061 1.095 .991 1.067 1.073 1.028 
8 1.048 1.077 1.000 1.079 1.046 1.000 

10 1.044 1.065 1.008 1.088 1.034 .978 
12 1.053 1.052 1.013 1.047 1.036 .970 
14 1.035 1.018 1.037 1.110 1.000 .917 

+ 16 1.038 .999 1.068 1.136 .973 .878 

TABLE V. Lift and drag coefficients and lift/drag—18 by 3 inches albartoss aerofoil without wing tips—air speed 35 miles 
per hour. 

Angle of 
incidence 
(degrees). 

Lift coeffi¬ 
cient L„. 

Drag coeffi¬ 
cient D„. Lift/drag. Lift coeffi¬ 

cient Ky. 
Drag coeffi¬ 
cient Kx. 

- 6 -0.1156 0.0392 - 2.95 -0.000591 0.0002002 
— 3 + .0652 .0205 + 3.18 + .000333 .0001047 
— i .1646 .0162 10.20 .000841 . 0000825 

0 .2072 .0161 12.86 .001058 . 0000823 
+ 1 .2471 .0170 14.50 .001262 . 0000870 

2 .2860 .0185 15.42 .001460 .0000947 
3 .3242 .0205 15.85 . 001656 . 0001042 
4 .3623 .0228 15.89 .001850 .0001164 
6 .4372 .0297 14.70 .002233 .0001519 
8 .5107 .0379 13.46 .002608 .0001937 

10 .5780 .0470 12.29 .002952 .0002400 
12 .6313 .0578 10.92 .003224 . 0002951 
14 .6311 .0713 8.84 .003223 . 0003643 

+16 + .6194 .0883 + 7.01 + .003163 . 0004509 

I ABLE \ I. Lift and drag coefficients and lift/drag—-18 by 3 inches albatross aerofoil with half wing tips—air speed 35 
miles per hour. 

Angle of 
incidence 
(degrees). 

Lift coeffi¬ 
cient Lt. 

Drag coeffi¬ 
cient D„. Lift/drag. Lift coeffi¬ 

cient Ky. 
Drag coeffi¬ 
cient Kx. 

- 6 -0.1215 0.0385 - 3.15 -0.000621 0.0001968 
— 3 + .0736 .0209 + 3.52 + .000376 .0001066 
— 1 .1798 .0161 11.16 .000919 .0000822 ; 

0 .2237 .0162 13.82 . 001143 .0000826 
+ 1 .2630 .0172 15.27 . 001343 . 0000879 2 .3066 .0190 16.14 . 001566 . 0000971 

3 .3466 .0214 16.21 . 001771 . 0001093 4 .3849 .0242 15.92 . 001966 . 0001235 6 .4606 .0312 14.77 . 002353 . 0001593 8 . 5362 .0394 13.61 .002739 .0002013 10 .6082 .0486 12.52 . 003107 . 0002481 12 
14 

+ 16 

. 6521 

.6417 
+ . 6263 

.0599 

.0740 

.0919 

10.89 
8.67 

+ 6.81 

. 003331 

. 003278 
+ .003199 

.0003059 

. 0003779 

. 0004695 
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TABLE VII.—Lift and drag coefficients and liftjdrag—18 by 3 inches albatross aerofoil with whole wing tips~air speed 35 
miles per hour. ^ 

Angle of 
incidence 
(degrees). 

Lift coeffi¬ 
cient L0. 

Drag coeffi¬ 
cient Dc. 

Lift/drag. Lift coeffi¬ 
cient Ky. 

Drag coeffi¬ 
cient Kx. 

- 6 -0.1250 0.0381 - 3.28 -0.000638 0.0001946 
- 3 + .0796 .0206 + 3.86 + .000406 .0001052 
- 1 .1925 .0159 12. 08 . 000983 .0000814 

0 .2368 .0160 14.81 . 001209 .0000816 
+ 1 .2802 .0171 16.43 . 001430 . 0000871 

2 .3224 .0189 17.03 .001646 . 0000966 
3 .3639 .0215 17.05 . 001858 . 0001089 
4 .4038 .0243 16.59 . 002061 . 0001242 
6 .4804 .0318 15.08 . 002452 . 0001683 
8 .5516 .0409 13.46 . 002816 . 0002090 

10 .6079 .0512 11.86 . 003103 .0002615 
12 .6410 .0632 10.14 . 003272 . 0003226 
14 .6246 .0778 8.04 . 003189 . 0003970 

+ 16 + .6043 .0956 + 6.33 + .003085 . 0004878 

TABLE VIII.—Comparison of 18 by 3 inches albatross aerofoil characteristics for different wing tips—aerofoil without 
wing tips taken as standard—air speed 35 miles per hour. 

Angle of 
incidence 
(degrees). 

Lift coefficient. Drag coefficient. Lift/drag. 

Half Whole Half Whole Half Whole 
wing wing wing wing wing wing 
tips. tips. tips. tips. tips. tips. 

- 6 1.050 1.081 0.983 0.972 1.067 1.111 
- 3 1.128 1.220 1.019 1.004 1.107 1.213 
- 1 1.090 1.169 .994 .982 1.094 1.184 

0 1.079 1.142 1.006 .994 1.074 1.151 
+ 1 1.063 1.133 1.011 1.005 1.053 1.132 

2 1.072 1.127 1.027 1.021 1.046 1.104 
3 1.069 1.121 1.044 1.038 1.022 1.075 
4 1.062 1.114 1.061 1.065 1.001 1.044 
6 1.053 1.098 1.050 1.070 1.005 1.026 
8 1.050 1.080 1.039 1.079 1.011 1.000 

10 1.052 1.051 1.033 1.053 1.018 .965 
12 1.032 1.015 1.037 1.093 .998 .929 
14 1.016 .990 1.037 1.090 .981 .909 

+ 16 1.011 .976 1.031 1.082 .972 .903 

TABLE IX.—Lift and drag coefficients and lift/drag- -18 by 3 inches Sloane aerofoil without wing tips—air speed 35 miles 
per hour. 

Angle of 
incidence 
(degrees). 

Lift coeffi¬ 
cient L0. 

Drag coeffi¬ 
cient D0. 

Lift/drag. Lift coeffi¬ 
cient Ky. 

Drag coeffi¬ 
cient Kx. 

- 6 -0.1645 0.0330 - 4.98 -0.000840 0 0001686 
- 3 - .0518 .0156 - 3.31 - .000265 .0000799 
- 1 + .0151 .0091 + 1.66 + .000077 .0000466 

0 .0509 .0077 6.60 .000260 .0000394 
+ 1 .0944 .0076 12.36 . 000482 .0000390 

2 .1513 .0085 17.84 .000772 .0000433 
3 .2016 .0102 19.80 .001029 . 0000520 
4 .2396 .0124 19.32 . 001224 . 0000633 
6 .3091 .0181 17.10 .001579 .0000923 
8 .3739 .0251 14.92 .001910 .0001279 

10 .4276 .0357 11.99 .002184 . 0001821 
12 .4638 .0623 7.45 . 002369 .0003179 
14 .4809 .1001 4.80 .002456 . 0005114 

+ 16 + .4677 .1272 + 3.68 + .002389 .0006498 
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■Lift and drag coefficients and lift I drag—18 by S inches Sloane aerofoil with half wing tips—air speed 35 miles 
per hour. 

Angle of 
incidence 
(degrees). 

Lift coeffi¬ 
cient Lc. 

Drag coeffi¬ 
cient D„. 

- 6 -0.1717 0.0326 
- 3 - .0532 .0156 
- X + .0190 .0094 

0 .0569 .0083 
4* 1 .1047 .0084 

2 .1652 .0094 
3 .2140 .0110 
4 .2523 .0131 
6 .3242 .0187 
8 .3911 .0263 

10 .4410 .0383 
12 .4811 .0681 
14 .4917 .1042 

+16 + .4795 .1301 

Lift/drag. Lift coeffi¬ 
cient Ky. 

Drag coeffi¬ 
cient K*. 

- 5.27 -0.000877 0.0001661 
— 3.42 - .000272 .0000796 
+ 2.03 + .000097 . 0000478 

.6.90 .000291 .0000421 
12.45 .000535 . 0000429 
17.58 .000844 . 0000480 
19.52 . 001093 . 0000560 
19.24 .001289 . 0000670 
17.38 .001656 .0000952 
14.85 . 001998 .0001345 
11.53 .002253 .0001954 
7.06 .002457 .0003480 
4.72 .002511 .0005322 

+ 3.68 + .002449 .0006646 

■Lift and drag coefficients and lift/drag-18 by 3 inches Sloane aerofoil with whole 
35 miles per hour. wing tips—air speed 

Angle of 
incidence 
(degrees). 

Liftcoeffi 
cient L0. 

- 6 -0.1803 
- 3 - .0554 
- 1 .0202 

0 .0612 
1 .1097 
2 .1737 
3 .2233 
4 .2620 
6 .3340 
8 ,3996 

10 .4486 
12 .4833 
14 .4936 
16 .4755 

Drag coeffi¬ 
cient D0. Lift/drag. 

0.0329 - 5.49 
.0152 - 3.65 
.0092 2.20 
.0082 7.50 
.0083 13.26 
.0093 18. 64 
.0110 20.23 
.0133 19.80 
.0192 17.43 
.0268 14.89 
. 0396 11.32 
.0721 6.70 
.1084 4. 55 
.1339 3.55 

Li ft coeffi¬ 
cient Ky. 

Dragcooffi 
cient Kx. 

-0.000920 0.0001677 
- .000283 . 0000775 

.000103 . 0000468 

.000312 .0000416 

.000560 . 0000422 

.000887 . 0000476 

.001140 . 0000563 

.001343 . 0000678 

.001705 . 0000978 
. 002040 . 0001369 
.002290 . 0002023 
.002465 . 0003682 
.002520 . 0005535 
. 002428 . 0006834 

-Comparison of 18 by 3 inches Sloane aerofoil characteristics for different 
wing tips taken as standard—Air speed 35 miles per hour. 

wing tips—Aerofoil without 

Angle of 
incidence 
(degrees) 

Lift coefficient. Drag coefficient. Lift/drag. 

Half 
wing 
tips. 

Whole Half Whole Half Whole 
wing 
tips. 

wing 
tips. 

wing 
tips. 

wing 
tips. 

wing 
tips. 

- 6 1.044 1.096 0.988 0.997 1.058 1.102 — 3 1. 027 1.069 1.000 .975 1.033. 1.102 — 1 1.258 1.338 1.032 1.010 1.222 1. 325 0 1. 11 / 1.202 1.077 1.064 1.045 1.136 + 1 1.109 1.162 1.104 1.091 1.007 1. 072 2 1.091 1. 148 1.106 1.094 .985 1. 045 3 1.062 1.108 1.078 1.078 . 986 1. 021 4 1.053 1.093 1.056 1.072 .996 1. 025 6 1.048 1.080 1.033 1.061 1.017 1. 002 8 1. 046 1.068 1.047 1.067 .995 QQtf 10 1.031 1.049 1.072 1.109 .962 . Q44 12 1.037 1.042 1.092 1.157 .947 . 8Q0 14 1.022 1.026 1.041 1.083 . 983 048 +16 1.025 1.016 1.023 1.029 1.000 .965 
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REPORT No. 141 

EXPERIMENTAL RESEARCH ON AIR PROPELLERS, V. 

By W. F. Durand and E. P. Lesley. 

(1) SCOPE OF INVESTIGATION COVERED BY PRESENT REPORT. 

National Advisory Committee reports Nos. 14, 30, 64 comprise the results of a series of 

wind-tunnel tests on model forms of air propellers, extending over a three-year program of 

experimental work. These reports were made progressively and each without reference to the 

results given in preceding reports and relating to forms perhaps adjacent in geometrical form 

and proportion. These reports thus represent a survey, made in three parts, of a somewhat 

extended area covering a considerable number of model forms and proportions and varying in 

various characteristics in a systematic and regular manner. 

At the conclusion of the work thus carried on in parts, it has seemed desirable to review the 

entire series of results, to examine through graphical and other appropriate means the nature 

of the history of the characteristics of operation as related to the systematic variation in char¬ 

acteristics of form, proportions, etc., through the entire series of such variations, to check 

doubtful points by repetition of test, to remove inconsistencies where found, and generally to 

develop, for the series of models represented by these tests, a consistent set of results as judged 

by the relation of those for any one model to those for all models adjacent in geometrical form 

and proportion. 

It is the purpose of the present report to give the results of this general analysis and review 

of these series of experimental observations. 

NUMBER AND CHARACTERISTICS OF MODEL FORMS. 

The number of model forms included in the analysis which is the subject of the present 

report is 88. The three reports on which this analysis is primarily based covered a certain 

number of additional forms, the results for which are not here included. These omitted forms 

represent unusual or special forms or slight variations from normal types and wrere intended to 

indicate the results to be anticipated by such departures from the more normal range of form 

and proportion. The results derived from these models are generally without valuable or 

hopeful indications. 

There remains the aggregate of 88 models distributed over the range of variations in form 

and proportion as follows: 
Variations. 

Pitch ratio. 6 

Area of blade.7.- - - 2 

Form of blade. 2 

Form of cross section of blade. 4 

Mode of pitch distribution. 4 

169 
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In designating these models, the following notation has been employed: 

Form of blade contour No. 1. 

Form of blade contour No. 2. 

Area of blade No. 1. 

Area of blade No. 2. 

Pitch distribution uniform. 

Pitch distribution according to constant angle of attack 3° 

Pitch distribution according to constant angle of attack 6° 

Pitch distribution according to constant angle of attack 9° 

Driving face of blade plane or without camber. 

Driving face of blade cambered (full). 

Driving face of blade cambered (half). 

Driving face of blade convex. 

-Fx (see fig. 1). 

■ F2 (see fig. 2). 

■Ax (see figs. 1, 2). 

■ A2 (see figs. 1, 2). 

■Pv 
■P* 
.P3. 

■Pi. 

■Sx (see figs. 3, 4, 5, 6). 

S2 (see figs. 7, 8, 9, 10). 

■ S3 (see figs, 11, 12). 

■84 (see fig. 13). 

These various models cover the following combinations of characteristics of form and 

proportion: 

No. 
6 constant FlAlSlP1 with 6 variations in nominal pitch ratio. 0.3, 0.5, 0.7, 0.9, 1.1, 1.3 

6 constant FXA2SXPX with 6 variations in nominal pitch ratio. 0.3, 0.5, 0.7, 0.9, 1.1, 1.3 

6 constant F2AXSXPX with 6 variations in nominal pitch ratio. 0.3, 0.5, 0.7, 0.9, 1.1, 1.3 

6 constant F2A2SXPX with 6 variations in nominal pitch ratio. 0.3, 0.5, 0.7, 0.9, 1.1, 1.3 

3 constant FXAXSXP2 with 3 variations in nominal pitch ratio. 0.5, 0.7, 0.9 

3 constant FXA2SXP2 with 3 variations in nominal pitch ratio. 0.5, 0.7, 0.9 

5 constant F2AXSXP2 with 5 variations in nominal pitch ratio. 0.5, 0.7, 0.9, 1.1, 1.3 

3 constant F2A2SXP2 with 3 variations in nominal pitch ratio. 0.5, 0.7, 0.9 

3 constant FXAXS2PX with 3 variations in nominal pitch ratio. 0.5, 0.7, 0.9 

3 constant FXA2S2PX with 3 variations in nominal pitch ratio.  0.5, 0.7, 0.9 

3 constant F2AXS2PX with 3 variations in nominal pitch ratio. 0.5, 0.7, 0.9 

3 constant F2A2S2PX with 3 variations in nominal pitch ratio. 0.5, 0.7, 0.9 

3 constant FXAXS2P2 with 3 variations in nominal pitch ratio.  0.5, 0.7, 0.9 

3 constant FXA2S2P2 with 3 variations in nominal pitch ratio. 0.5, 0.7, 0.9 

3 constant F2AXS2P2 with 3 variations in nominal pitch ratio. 0.5, 0.7, 0.9 

3 constant F2A2S2P2 with 3 variations in nominal pitch ratio. 0.5, 0.7, 0.9 

3 constant F2AXS3PX with 3 variations in nominal pitch ratio. 0.5, 0.7, 0.9 

3 constant F2A2S3PX with 3 variations in nominal pitch ratio. 0.5, 0.7, 0.9 

5 constant F2AXS4PX with 5 variations in nominal pitch ratio. 0.5, 0.7, 0.9, 1.1, 1.3 

5 constant F2AXSXP3 with 5 variations in nominal pitch ratio. 0.5, 0.7, 0.9, 1.1, 1.3 

5 constant F2AXSXP4 with 5 variations in nominal pitch ratio. 0.5, 0.7, 0.9, 1.1, 1.3 

In addition to the above 83 models the report includes results for: 

Four models of constant F2AX and nominal pitch ratio 0.7, but with maximum thickness of 

cross-section at 0.17, 0.25, 0.41, and 0.49 of the width from the leading edge. See figures 14, 
15, 16, and 17. 

One model of constant F1A1S1 with blades made adjustable for change of pitch, the pitch 
being uniform at 0.7 pitch ratio. 

The characteristics of these various models in detail will be found in Table I. 
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TABLE I.—Model characteristics. 
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1 
Num¬ 
ber, 

Section 
symbol. 

Form 
symbol. 

Area 
symbol. 

Pitch 
symbol. 

Pitch 
ratio. 

Mean 
blade 
width. 

Num¬ 
ber. 

Section 
symbol. 

Form 
symbol. 

Area 
symbol. 

Pitch 
symbol. 

Pitch 
ratio. 

Mean 
blade 
width. 

1 Si Pi Ai Ei 0.9 0.15r 45 St E, A, Pt 0.5 0.15r 

2 Si E, At Ei .9 .20r 46 St E, -4: Pt .5 ■ 20r 

3 Si Ft At E, .9 ■ 15r 47 Si Ft A, Pt .5 . 15r 

4 Si F, A 2 Ei .9 ■ 20r 48 St Ft Ai Pt .5 • 20r 

5 Si Fi Ai E, .7 . 15r 80 Si Ei A, Pi 1.1 . 15r 

6 Si Ei A 2 E, .7 . 20r 81 Si E, As Pi 1.1 ■ 20r 
7 Si Ft Ai E, .7 . 15r 82 s, Ft Ai Pi 1.1 . 15r 

8 Si Ft At E, .7 ■ 20r 83 s, Ft As Ei 1.1 .20r 

9 Si E, A i E, .5 . 15r 90 s3 Ft Ai E, .5 . 15r 

10 Si E, At E, .5 ■ 20r 91 S3 Ft As Pi .5 .20r 

11 Si Ft A i E, .5 .15r 92 S3 Ft Ai Pi .7 . 15r 

12 Si Ft A 2 E, .5 .20 r 93 St Ft As Pi .7 .20r 

13 Si Ei A, e2 .9 . 15r 94 Si Ft A i Pi .9 ,15r 

14 Si Ei At Pt .9 .20 r 95 S3 Ft As Pi .9 .20r 

15 Si Ft A i Ft .9 . 15r 96> Si E, A i Pi .7 .15r 

16 Si Ft ^2 Pt .9 .20r 111 Si E, A i Pi 1.3 . 15r 

17 Si Ei Ai Pt .7 . 15r 112 Si E, At Pi 1.3 .20r 

18 St Ei At Pt .7 .20r 113 Si Ft Ai Ei 1.3 .15r 

19 Si Ft Ai Ft .7 . 15r 114 Si Ft At Ei 1.3 .20r 

20 Si Ft A- Pt .7 ,20r 115 s4 Ft A i • Ei .5 . 15r 

21 Si E, Ai Pt .5 . 15r 116 s4 Ft Ai Pi 7 . 15r 

22 Si E, -42 Pt .5 ,20r 117 Si Ft Ai Pi .9 . 15r 

23 Si Ft A, Pt .5 . 15r 118 Si Ft Ai Pi 1.1 . 15r 

24 Si Ft At Pt .5 ,20r 119 Si Ft Ai Ei 1.3 .15 r 

25 Sj E, Ai Pi .9 . 15r 120 St Ft Ai Pi .7 .15r 

26 Si E, At Pi .9 ,20r 121 Se Ft Ai Ei .7 .15r 

27 Si Ft A i Pi .9 . 15r 122 St Ft A, Pi .7 •if'- 
28 St Ft •A* Pi .9 .20r 123 s8 Ft Ai Pi .7 . 15r 

29 Si Ei Ai Pi .7 . 15r 127 Si Fs Ai Pt .5 .15r 

30 Si E, At Pi .7 . 20r 128 Si Ft Ai Pi .5 . 15r 

31 St Ft A i Pi .7 . 15r 129 Si Ft Ai P3 .7 .15r 

32 Si Ft ^4* Pi .7 .20r 130 Si Ft Ai Pa .7 . 15r 

33 Si Ei Ai Ei .5 . 15r 131 Si Ft Ai Pt .9 . 15r 

34 Si Ei As Pi .5 . 20r 132 Si Ft A\ Pi .9 . 15r 

35 St Ft Ai Pi .5 . 15r 133 Si Ft A i Ps 1.1 15r 

36 St Ft As Pi .5 .20r 134 Si Ft Ai Pz 1.1 . 15r 

37 St E, Ai Pt .9 . 15r 135 Si Ft A i Pi 1.1 . 15r 

38 Si Ei .42 Pt .9 ,20r 136 Si Ft A, Ps 1.3 . 15r 

39 Si Ft Ai Pt .9 . 15r 137 Si Ft Ai Pz 1.3 . 15r 

40 Si Ft As Pt .9 .20r 138 Si Ft Ai Pi 1.3 .15r 

41 Si Ei Ai Pt .7 . 15r 139 Si Ft Ai Pi .3 . 15r 

42 Si Ei As Pt .7 .20 r 144 Si Ft As Pi .3 .20r 

43 St Ft Ai Pt .7 . 15r 145 Si Ei Ai Pi .3 . 15r | 

44 s, Ft At Pt .7 .20r 146 Si E, -4 2 Pi .3 .20r 

1 Adjustable pitch. 
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Table II.—Dimensions of sections (see Fig. IS). 

Radius 
of 

section. 
AB. AE. 

AC 
and 
BD. 

EG. EH. EM. RS. O. 

Inches. Inches. Inches. Inches. Inches. Inches. Inches. Inches. Degrees. 
( 4 2. 45 0. 90 0. 05 0. 70 1.19 0.15 78 
‘ 7 2. 70 .90 .05 .60 1.01 69 
1 10 2. 70 .90 .05 .50 .84 60 

13 2. 70 .90 .05 .40 .66 51 
16 2.70 .90 .05 .30 .49 42 

4 3. 27 1.20 .05 .70 1.19 .20 78 
7 3. 60 1. 20 .05 .60 1.01 69 

10 3. 60 1.20 .05 .50 .84 60 
13 3.60 1.20 .05 .40 .66 51 
16 3. 60 1.20 .05 .30 .49 42 

4 3. 00 1.00 .05 .70 1.19 .18 78 
7 3.22 1.07 .05 .60 1.01 69 j 

10 3. 14 1.05 .05 .50 .84 60 
13 2.68 .89 .05 .40 .66 51 
16 1.90 .63 .05 .30 .49 42 

4 4.00 1.33 .05 .70 1.19 .25 78 
7 4. 30 1.43 .05 .60 1.01 69 

10 4.18 1.39 .05 .50 .84 60 
13 3.58 1.19 .05 .40 .66 51 
16 2.54 .85 .05 .30 .49 42 

4 2.45 .90 .05 .70 1.19 78 
7 2.70 .90 .05 .60 1.01 0.17 69 

10 2.70 .90 .05 .50 .84 .17 60 
13 2.70 .90 .05 .40 .66 .13 51 
16 2.70 .90 .05 .30 .49 .10 42 

4 3.27 1.20 .05 .70 1.19 78 
7 3.60 1.20 .05 .60 1.01 .17 69 

10 3.60 1.20 .05 .50 .84 .17 60 
13 3. 60 1.20 .05 .40 .66 . 13 51 
16 3.60 1.20 .05 .30 .49 . 10 42 

4 3.00 1.00 .05 .70 1.19 78 
7 3.22 1.07 .05 .60 1.01 .17 69 

10 3.14 1.05 .05 .50 .84 .17 60 
13 2.68 .89 .05 .40 .66 .13 51 
16 1.90 .63 .05 .30 .49 .10 42 

4 4.00 1.33 .05 .70 1.19 78 
7 4.30 1.43 .05 .60 1.01 .17 69 

10 4.18 1.39 .05 .50 .84 .17 60 
13 3. 58 1.19 .05 .40 .66 .13 51 
16 2.54 .85 .05 .30 .49 .10 42 

4 3.00 1.00 .05 .70 1.19 78 
7 3.22 1.07 .05 .60 1.01 .08 69 

10 ■ 3.14 1.05 .05 .50 .84 .08 60 
13 2.68 .89 .05 .40 .66 .07 51 
16 1.90 .63 .05 .30 .49 .05 42 

4 4.00 1.33 .05 .70 1.19 78 
7 4. 30 1.43 .05 .60 1.01 .08 69 

4.18 1.39 .05 .50 .84 .08 60 
13 3. 58 1.19 .05 .40 .66 .07 51 
16 2. 54 .85 .05 .30 .49 .05 42 

f 4 3. 00 1.00 .05 .70 1.19 .18 78 
3.22 1.07 .05 .60 1.01 .08 69 

i io 3.14 1.05 .05 .50 .84 .08 60 
!3 2.68 .89 .05 .40 .66 .07 51 

l 16 1.90 .63 .05 .30 .49 .05 42 

4 3. 00 .51 .05 .70 1.19 . 18 78 
7 3.22 .55 .05 .60 1.01 69 

10 3.14 .53 .05 .50 .84 60 
13 2.68 .46 .05 .40 .66 51 
16 1.90 .32 .05 .30 .49 42 

4 3.00 .75 .05 .70 1.19 .18 78 
7 3.22 .81 .05 .60 1. 01 69 

10 3.14 .78 .05 .50 .84 60 
13 2.68 .67 .04 .40 .66 51 
16 1.90 .47 .05 .30 .49 42 

4 3.00 1.23 .05 .70 1.19 .18 78 
7 3.22 1. 32 .05 .60 1.01 1 69 

- 10 3.14 1. 29 .05 .50 .84 60 
13 2.68 1.10 .05 .40 .66 51 
16 1. 90 .78 .05 .30 .49 42 

4 3. 00 1.47 .05 .70 1.19 .18 78 
7 3. 22 1.58 .05 .60 1.01 69 

- 10 3.14 1.54 .05 .50 . 84 60 
13 2.68 1.31 .05 .40 .66 51 
16 1.90 .93 .05 .30 .49 42 

the sections shown in figures 3 to 17 are given in Table II, reierenc 
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These models furthermore permit of grouping in such manner as to give results for the fol¬ 

lowing series of graded variations: 

6 variations of pitch ratio with 4 combinations of.F A S P. 

5 variations of pitch ratio with 4 other combinations of.F A S P. 

3 variations of pitch ratio with 13 other combinations of.F A S P. 

2 variations of contour with 30 combinations of.ASP with pitch ratio. 

2 variations of blade area with 33 combinations of.F S P with pitch ratio. 

2 variations of blade section with 24 combinations of.F A P with pitch ratio. 

3 variations of blade section with 6 other combinations of.F A P with pitch ratio. 

4 variations of blade section with 5 other combinations of.F A P with pitch ratio. 

2 variations of pitch distribution with 26 combinations of.FAS with pitch ratio. 

4 variations of pitch distribution with 5 other combinations of.FAS with pitch ratio. 

METHOD OF TEST. 

The general method of test has already been described in preceding reports (Nos. 14, 30) 
and need not be more especially referred to at this point. 

(2) REDUCTION OF EXPERIMENTAL RESULTS. 

For the reduction of experimental model results to forms suited to use in practical problems, 
the following notation is employed. 

D = diameter. 

N= revolutions. 

V = velocity. 

A = density of air. 

. H= altitude. 

T= thrust. 

Q = torque. 

P = effective power (power delivered by engine to propeller). 

Pi = useful power (utilized by propeller for propulsion of plane). 
r] = efficiency=P1-~P. 

B, G= coefficients variously specified by subscript, and serving to relate P, Q, P, or P, to some 
function of V, D, N. 

x= V/ND. 
COEFFICIENTS OF THRUST, TORQUE, AND POWER. 

The law of comparison which is accepted for the discussion of experimental results on model 

air propellers and for the purpose of making use of such results in connection with practical 
problems relating to full size propellers, may be stated thus: 

For propellers of similar geometrical form and at equal values of the function V/ND the 
following relations hold 

T~ V2D2 (1) 

Q ~ V2D2 (2) 

These relations may be expressed in the form of equations by the introduction of coeffi¬ 

cients B1, B2. In order furthermore to make these cofficients non-dimensional while at the same 

time measuring T and Q themselves in gravitational units, we may introduce the factor g, thus 
giving equations as follows: 

gT= B1AV2D2 (3) 

gQ = p2a V2D3 (4) 

This gives for the coefficients Bl and B2 the values: 

gT 
A V2D2 

qQ 
AVW3 

(5) 

(6) 
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We may now restate the assumed law of comparison as follows: 

For propellers of similar geometrical form and at equal values of the function V/ND, values 

of B, in (5) will be the same independent of absolute size; and likewise for values of B2 in (6). 

If then we multiply equation (5) by the equation xn=(V/ND)n it is evident that we shall 

have, on the left, a new coefficient, likewise independent of absolute size, and expressed in form 

as determined by the right hand member of the resulting equation. 

This will be clear by holding in mind two propellers of similar geometrical form and operating 

at the same value of V/ND. For these particular conditions, the values of the coefficient Bv for 

each propeller, will be the same. If then this single value of Bx be multiplied by the value of 

V/ND we shall have a new single value, likewise applicable to these two propellers operating at 

this value of V/ND. We may similarly multiply or divide by any power of V/ND or by 

(V/ND)n where n may have any value positive or negative. 

We may thus derive an indefinite series of coefficients, all relating to thrust, and in each 

case fulfilling the condition of equal values of coefficient for equal values of V/ND for two pro¬ 

pellers of similar geometrical form; and if for some two propellers, then for any two and hence 

for any number, so long as they belong to the same family as regards geometrical type or form. 

Thus by way of example, by suitably selecting the index of V/ND, we derive coefficients for 

Trelated as follows to the variables V, D, N, A: 

gT gT gT gT 
A V2D2’ AiTO4’ A F4IW2’ A VND3 (7) 

It will be noted that of these four examples, the first involves V and D, the second N and D, 
the third V and N and the fourth F, N, D. 

We may derive similarly coefficients for Q as follows: 

gQ gQ gQ gQ 
AV2D3’ AN2Db’ AVbN~3’ AVND* 

Turning now to power we have immediately from (3) and (4) 

gP1=gTV=B1AV3D2 (9) 

gP = 2irgQN= 2irxB2ANV3D3 
Hence 

Bt V_ 
P 71 2irB2 * ND 

(10) 

(ID 

But for any two propellers geometrically similar in form and at the same value of V/ND, 
the two values of Bx are the same, and likewise for B2, while by specification V/ND is the same. 

Hence from (11) the efficiency will be the same. 

This means specifically that for any pair of propellers geometrically similar in form and 

operating at equal values of V/ND, the efficiencies will be the same; or more broadly, that 

throughout all the members of a given family of propellers of the same geometrical form, a 

given value of V/ND will fix the efficiency; or otherwise, that for a given family of the same 

geometrical form, efficiency is a function of Vj ND only. 

From (9) we have the coefficient, 

£i- 
gPi 

A V3D2 
(12) 

In the same manner as for T and Q we may now derive a series of coefficients from that 

defined as in (12), by multiplication or division by powers of V/ND. We may thus derive in 

particular three coefficents as follows: 

gPx gPr gPx 
AN3D3’ A V3D2’ A V6N~2 

(13) 



EXPERIMENTAL RESEARCH ON AIR PROPELLERS, Y. 181 

There will obviously be three similar coefficients for the effective power P which may be 

derived from (10) in the same manner in which those expressed in (13) are derived from (9). 

It is clear, however, that if for two similar propellers at the same value of V/ND there is a 

numerical coefficient relating P, to some function of V, N, I), and which numerical coefficient 

is the same for both propellers, then since the efficiency is also the same, there will be another 

numerical coefficient relating P to the same function of V, N, D, and which numerical coeffi¬ 
cient will likewise be the same for both propellers. 

We may therefore use coefficients having the forms given in (13) and derived either from 
Px or from P. 

For present purposes we shall use the effective power P as the primary power quantity 

and we shall denote the three coefficients derived from effective power and having forms as 
above, respectively by Ct, C2, C3. 

We shall have then for these coefficients: 

r gP 
~ A N3D5 (14a) 

r _ gP 
2 A V3D2 (14b) 

r gP 
3 A F5A'-2 

(14c) 

The following relations will be noted: 

Oi = (V/ND)3C2 
C2 = (V/ND)2C3 (15) 

With any consistent set of units, we shall then have a set of coefficients Cu C2, C3 inde¬ 

pendent of the system of units as such, and hence the same for either metric or English measures. 

It results furthermore that in these basic formulae, power is measured in kilogram-meters 

per second or foot-pounds per second and not horsepower. Likewise speed is measured in 
meters per second or feet per second and not kilometers per hour or miles per hour. 

Collecting these various equations we have as follows: 

gP=CxAN3D3 (16) 

gP — C2 A V3D2 (17) 

gP = C3A V5N~2 (18) 

X=V/ND (19) 

P^vP (20) 

V = function of V/ND as in tables or diagrams 

T=PX+V (21) 

Q = P + 2ttN (22) 

In the use of these equations it must be remembered that the units are: 
Metric: meter, kilogram, second. 

English: foot, pound, second. 

Hence D is measured in meters or feet. 

N is measured in revolutions per second. 

V is measured in meters per second, or feet per second. 

A is measured in kilos, per cubic meter, or pounds per cubic foot. 

P is measured in kilogram meters per second, or foot-pounds per second. 
T is measured in kilograms, or pounds. 

Q is measured in kilogram-meters, or pound-feet. 
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With these units, as previously noted, the values of C1} C2, C3 will be nondimensional. and 

hence the same with either metric or English units. 

If any of these various quantities are expressed in terms of other units such as horsepower 

(metric or English), kilometers per hour, or miles per hour, they must be reduced to values in 

terms of the above units before direct use is made of the formulae with the numerical values of 

Cy, C2, C3 as in Table VIII or figures 19 to 52. 

The actual test results are then put in the form of the following series of items. 

TABULAR. 

Values of coefficient C\ on V/ND as argument. 

Values of coefficient C2 on V/ND as argument. 

Values of coefficient C3 on V/ND as argument. 

Values of efficiency 77 on V/ND as argument. 

See Table VIII. 
GRAPHIC. 

Values of coefficient Cj plotted on V/ND as independent variable. 

Values of efficiency r? spotted on curves of Cy as above. 

(See figs. 19 to 52.) 

APPLICATION OF EQUATIONS (16), (17), (18) TO PRACTICAL PROBLEMS. 

Of the nine quantities Pv P, V, N, D, A, H, 77, x, with the three coefficients Cu C\, C3, 
some combination of which will enter into such problems, we may note first that: 

Pt, is dependent on 17 and P, being related as in (20). 

77 is dependent on x, being determined and expressed both in tabular form and graphically as 
a function of x alone. 
(See also (11).) 

The three coefficients 01} C2, C3, are dependent on x and are so determined and given in tabular 
and graphic form. 

(See Table VIII and figs. 19 to 52.) 

H is dependent on A being connected by the relation between altitude and the density of the air. 

There remain then six variables, P, V, N, D, A, x, any four of which (with one exception 

to be noted later) may be taken as the necessary and sufficient specification of a problem. 

The number of type problems which may thus arise involving combinations of these six 

quantities would be then the number of combinations of six things taken four at a time. This 

number is 15 and the combinations are as shown in column 1 of Table III. 

Table III. 

No. 

(1) 

Knowns. 

(2) 

Unknowns. 

(3) 

C. 

(4) (5) 

& 

(6) 

1 A V D N P X / y y * 
2 X V D N P A 
3 X A D N P V V y y * 
4 X A V N P D y y y * 
5 X A V D P N y y y * 
6 p V D N X A y y y * 
7 p A D N X V y 
8 p A V N X D y 
9 p A V D X N y 

10 p X D N A V V y y * 
11 p X V N A D y y y * 
12 p X V D A N y y y * 
13 p X A N V D y y 
14 p X A D V N y y 
15 p X A V D N V / . 

Of these 15 combinations, all represent possible physical problems except the second, in¬ 

volving x, V, D, N. Since x= V/ND it is clear that we can not arbitrarily take values of more 

than three of these particular four quantities. This is the exception referred to above. 
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In column (2) are given the unkowns for the several cases as noted. If the value of x is 

among the knowns, the value of the efficiency will follow immediately from Table VIII or 

figures 19 to 52. Otherwise, if x is among the unknowns, its value will result immediately from 

equation (19) as soon as V, D, and N are known. Once ?? is known, the useful power P, to¬ 

gether with the thrust T and torque Q, may be readily found from equations (20), (21), (22), 
if desired. 

In column (3) a check mark indicates the cases which maybe solved by equation (14a) or 

through the coefficient Gx as defined by this equation. Similarly, in columns (4) and (5), 

check marks denote the cases which may be solved respectively by equations (14b) and (14c) or 
through the coefficients C2, C3 as defined by these equations. 

The cases checked in column (3) are in effect those in which the four knowns of column (1) 

are found in equation (1) and similarly for those of columns (4) and (5). 

The stars in column (6) denote the cases which are checked in all three columns—that is, 

the cases which may be solved by any or all of the three equations. 

In addition to these eight cases, it will be noted that cases (13), (14), and (15) may be 

solved by either or both of two equations, while numbers (7), (8), (9) permit each of solution 
through one equation only as indicated. 

By the use of these equations, as choice or necessity may dictate, any of the 14 combina¬ 

tions of quantities as noted in Table III and representing possible problems involving these 

variables may be solved by suitable methods of computation. 

RELATION OF TYPE FORM OF PROPELLER TO THE PROBLEM OF DESIGN. 

In most problems in design or of like practical character, the geometrical type form of 

the propeller is first assumed. Such assumption is, of course, only tentative, but it is usually 

convenient to carry on the program of search for a suitable design through trial of a series of 

selected type forms. In such case, with a type form chosen, the relation between the coeffi¬ 

cients Cv C2, C3, and VIND is immediately fixed, and, assuming it to be one of the 88 type forms 

covered by the present report, reference may be made directly to the corresponding diagram or 

table for values of the efficiency and of the coefficients Cv C2, C3, as functions of V/ND. In 

any such case, then, an assumed value of the efficiency r] or of the function VIND will immedi¬ 

ately determine the values of these coefficients and the solution will proceed along lines as 
indicated. 

In certain cases, however (cases 7, 8, 9, Table III), the value of the coefficient may be left 

as an unknown, the various other quantities having been determined independent of any se¬ 

lected type form of propeller. The solution will then give the value of the coefficient C1} C2, 
C3. Ihis coefficient value may then be sought in the table or on the diagrams for various 

type forms. Wherever it is found it will at the same time determine a value of x, and hence 

of efficiency, and the value of the latter will naturally be a guide in the choice of the type form 

to be ultimately accepted. If no acceptable results in these respects can be found, it means 

naturally that suitable changes must be made in the basic data—as, for example, an increase 

or decrease in the diameter or in the revolutions or speed or some combination change in 

these basic data which will give a different value of the coefficient and thence perhaps a more 
acceptable efficiency. 

In a similar manner, with other types of problems, as in Table III, the selected type form 

with the resultant value of C may be such as to give an unacceptable result, especially in terms 

of D, N, or F. In such case, likewise, the basic assumptions must be modified in such manner 

as to give finally an acceptable combination of values. 

(3) NOMOGRAPHIC DIAGRAMS. 

For the rapid graphical solution of problems such as those considered in the preceding 

section, nomographic diagrams have been prepared as in Plates I-VIII, the first four being in 

metric and the second four in English units. In the earlier reports, covering progressively the 
63006—23-13 
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series of tests forming the subject of the present report, this feature was represented by the 

Eiffel logarithmic diagram, with curves showing values of Cj for useful and effective power 

drawn thereon. This form of diagram, while furnishing a solution for all combinations of data 

involved in design problems, is, however, subject to two disadvantages. 

(1) The operative program with reference to the sequence and direction of the vectors is 

not easy to carry in mind with only occasional use, and this fact has undoubtedly discouraged, 

in some measure, the use of this exceedingly ingenious form of graphical solution for design 

problems. 
(2) Values are not infrequently determined by intersections of lines at rather acute angles, 

thus tending to magnify the probable error of construction. 

For these reasons the nomographic form of diagram has been chosen in the present report. 

In diagrams of this type the operative program is simpler than in the Eiffel diagram, and the 

intersections may be made less acute. To cover all combinations of the data which may enter 

into such problems, however, four diagrams are required rather than one. 

Thus, referring to the diagrams intended for metric units, Plates I, II, III are laid out for 

the use of equations (16), (17), (18), respectively, while Plate IV is provided for the solution of 

equation (19) or generally for connecting together the four quantities x, V, N, D. 
Any discussion of the theory of nomographic diagrams or of the details of construction of 

such diagrams is beyond the scope of the present report. It will be desirable, however, to give 

some description of the diagrams as they are, together with suggestions regarding their use, 

and with such data as may be required should it be desired to reconstruct such diagrams on 

a larger scale or to extend the scale on any of the axes of the diagrams as given. 

Referring to Plate I, the diagram is intended for the solution of the equation 

gP = C1aN3D5 

Attention may first be directed to the following points: 

(1) The factor g does not appear in the construction. It is “absorbed” in the program 

of development of the diagram. This remark applies equally to the diagrams of Plates II, III. 

(2) The quantity A does not appear directly in the construction. Its place is taken by 

altitude E. This is simply a matter of the numbering of the graduations on this axis. The 

actual distance which is involved in the graphical construction is really A to a suitable unit, 

but the numbering on the scale represents the corresponding value of the altitude E. Thus 

the scales may be read directly in terms of altitude, while the density A is the quantity really 

employed in the computation. This remark applies equally to the diagrams of Plates II, III. 

(3) The diagram contains axes, one each for the five quantities P, Cv E( A), N, D, as noted, 

together with two auxiliary axes Yv Y2. 
(4) Let these be arranged in order as follows 

D E{ A) N Y2 Yt Ot P 

(5) These may then be taken in three successive groups of three each as follows (see also 

small key diagrams on plates): 

E Yx Gt 
N Y2 Yt 
D Y2 P 

(6) The solution consists, in effect, then, of drawing three straight lines across these three 

groups of axes, as in (5), in such manner as to contain the known data and to have common 

points on the auxiliary axes Yt and Y2. One of these lines will then cut the axis of the unknown 

at the value required for the solution. (See also small key diagrams as above.) 

(7) It should be especially noted that the seven axes are associated in three groups of 

three as above and in this way only. 

(8) The following points regarding the units of Plates I, II, III, IV should be noted. 
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(а) The unit of P is the metric horsepower direct and not the kilogram meter per second, 
as in the case of numerical computation. 

(б) The unit of N is one revolution per minute instead of per second, as in the case of 
numerical computation. 

(c) The unit of V is one kilometer per hour instead of one meter per second, as in the case 
of numerical computation. 

These changes are made possible by suitable changes in the units used for the various 

scales of the axes of P, V, N, and thus permit the direct use of these quantities in terms of the 
common engineering units of measurement. 

The scales on these diagrams, therefore, indicate as follows: 

V in kilometers per hour. 

N in r. p. m 

D in meters. 
P in horsepower (metric). 
H in meters. 
Gv C2, C3, nondimensional. 

ILLUSTRATIVE PROGRAMS. 

Before noting a few illustrative programs, attention may be called to the following points: 

The solution in each case will call for the determination of the unknowns as noted in the 

several cases of Table III, and this will require the use of two diagrams—viz, Plate IV and either 

Plates I, II, or III. The former will determine one of the four quantities V, N, D, or x and the 
latter the remaining unknown. 

Phe coefficients 02, 03 are dependent on x = V/ND and may be determined from figures 
19 to 52 or Table VIII as soon as x is known. 

In cases where x is one of the knowns, the values of Ot, C2, C3 become known from figures 19 

to 52 and Table VIII. In such cases the nomographic diagrams are to be used in such order 

as may be required by the details of the case—that is, Plate IV first and then Plate I, II, or 
III, or vice versa. (See cases 3, 4, 5, 10, 11, 12, 13, 14, 15, Table III.) 

In cases where x is one of the unknowns, its determination may fall under either of two 
programs: 

(1) If the knowns include V, N, D, then x is found immediately from the diagram of Plate 
IV. (See cases 1, 6, Table III.) 

(2) If the knowns do not include V, N, D, they will include four quantities permitting the 

direct use of either Plate I, Plate II, or Plate III. This will give the value of C1} C2, or C3, and 

this through figures 19 to 52 or Table VIII will give x= V/ND, and this through Plate IV will 
give the remaining unknown. (See cases 7, 8, 9, Table III.) 

By way of illustration assume first case 1, Table III. The values V, D, N serve immedi¬ 

ately to determine x or V/ND by the diagram of Plate IV. A line is drawn through the values 

of V and D, cutting Y. A second line is then drawn through N and the point on Y. This line 
extended to the axis of x or V/ND will then give the value desired. 

With x known, we find from the suitable diagram of figures 19 to 52 or from Table VIII the 
value of C,. 

We have now as knowns all values involved in the diagram of Plate 1 except P. The triad 
groups are then as follows : 

E Yx Cx 
N Y2 Y\ 
D Y2 (P) 

The line for the first triad being drawn, the point on Yl is determined. This point with 

N serves to deteimine I 2 in fbe second triad, and this point with D serves to determine P in 
the third triad, and thus the solution is completed. 
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Suppose with the same data it were chosen to use Plate 2. The program will proceed in 

entirely similar fashion. The value of x is first found and then <72. Then in Plate II the triad 

develop as follows: 1 
H Yx D 
V Y2 Yx 
c2 Y2 (P) 

In an entirely similar manner Plate 3 may be used if desired. 

Assume next the data of case 10, Table III. The values of x, D, A being given, V is found 

by Plate IV. The values of GXi C2, C3 result immediately from x through figures 19 to 52 and 

Table VIII. In case Plate I is employed, the triad groups result as follows: 

(■H) Yx Cx 
N Y2 Yx 
D Y2 P 

and H is determined as the remaining unknown. 

Assume again the data of case 7, Table III. The knowns P, A, D, N indicate Plate I as 

the only one available for this combination. The triad groups result as follows: 

B Yx (Gx) 
N Y2 Yx 
D Y2 P 

The value of Gx thus results, and this gives, through figures 19 to 52 or Table VIII, the 

value of x, and thence through Plate IV we find V. 

In all of these cases the value of the efficiency rj will naturally play an important part in 

determining the course of treatment of a design problem. This value follows immediately 

from x, through figs. 19 to 52 and Table VIII. In many cases r\ will be assumed as a trial figure 

at some value which it is desired to realize if possible. Or otherwise the value of x = V/ND 
will be assumed with primary reference to the corresponding value of the efficiency. 

Diagrams of the nomographic type are especially well adapted to the purpose of indicating 

quickly the correlative changes in any two variables of either end triad, all other quantities 

remaining the same. Thus, a line in either end triad may be revolved about its Y axis 

point without disturbing the remainder of the diagram. In this manner the correlative 

changes of either of these two pair of variables are readily examined. 

Thus, in case (1), V, N, and D are assumed known. The value of x follows and thence Ct 
and the solution proceeds, as previously indicated, to a resultant value of P. In this triad P 

is associated with D. We may then tilt the line back and forth about the point on Y2 as center 

and read off the values of P for a series of diameters, all other quantities on this diagram remaining 
the same. 

In order to realize the latter condition, however, it is clear that if Ct is to remain the same 

with the same type of propeller, then x= V/ND must remain the same, and hence (N remaining 

the same) I must be assumed to vary directly with the varying values of D. Thus if the D be 

taken 10 per cent larger than the first value assumed, then the value of P for a speed also 10 

per cent greater at the same r. p. m. will be given by tilting the line about the intersection on 
Y3 as indicated above. 

Again in Plate IV, suppose that the value of x is one which gives a value of the efficiency 

undesirably low. In this diagram x is associated with N. We may then tilt the xYNline about 

the Y point as a center and note the relation between change in the r. p. m. and change in x and 

ence change in efficiency, the ratio of V to D being supposed to remain the same. 

t er similar applications of this convenient feature will occur to the interested reader, 

t is apparent that in all of these various cases the solution may be carried on through 

equations (20), (21), (22), to include, if desired, values of useful power, thrust, and torque. 
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Nomographic diagrams might, of course, be prepared for the carrying out of the indicated 
computations, but their relatively lesser importance has not seemed to justify the extension 
of the present report to include the preparation of such diagrams. 

While the preceding discussion of these diagrams has applied especially to those of Plates 
I-IV adapted to metric measures, the same general remarks apply equally well to those of 
Plates V-VIII adapted to English measures. 

The scales of these indicate as follows: 
V in miles per hour. 
N in r. p. m. 
D in feet. 
P in horsepower. 
H in feet. 
G1} C2, C5 nondimensional as in Plates I-IV. 

Proportions and scales.—A nomographic diagram such as that of Plate I for the solution 
of an equation such as (16) may be infinitely varied in proportion and in the scale units employed, 
all however, so related as to fulfill the basic conditions required for the solution. The particular 
proportions and scales employed in Plates I-VIII have been chosen primarily in such man¬ 
ner as to give a fairly equable distribution of axes over the diagram, combined with the ranges 
of values chosen for the different variables. 

In case it should be desired to lay down any of these diagrams larger or smaller than those 
represented in plates I . . . VIII, or covering different ranges of values, the following method 
may be followed: 

Table IV.—Spacing of axes. 

PLATES. 

I, V. II, VI. III, VII. IV, VIII. 

D.0.000 
H.1.977 
N.4.440 
Y..7.370 
Y..10.989 
Ci.15.299 
P.20.000 

c».0.000 
H.2.594 
V.4.839 
Y..7.216 
Y..11.483 

D.15.927 
P.20.000 

Ci.0.000 
V..2.740 
Y..5.352 
H.9.830 
P.13.444 
Y..17.234 
N.20.000 

X.0.000 
V.4.453 
Y..8.895 

D.18.133 
N.20.000 

The spacing of the successive axes is given in Table IV. In the originals from which 
Plates I . . . VIII were reproduced, the unit was 1 inch. This unit may be similarly taken 
at any value whatever, thus giving diagrams with spacings always in the same proportions as 
those of Plates I . . . VIII, but of any actual size as may be desired. 

Next we must consider the mid values; that is, the values lying on a single continuous 
straight line drawn through the center of the field covered by the diagram. These values 
are given in Table V each in terms of the special unit appropriate to the quantity in question. 

Table V.—Mid values. 

PLATES. 

I. V. II. VI. III. VII. IV. VIII. 

V .... 2.8 9 Co 0. 152 Ci. 2.006 X .0.556 0.552 
H. .... 4,600 15,100 H .4,600 15,100 V . 124 77 V . 130 80 
A. .... 1,500 1,500 V.. . 132 82 n. .4,600 15,100 D . 2.6 8.5 
Ci. 0.0615 D. . 2.6 8.5 P . 160 160 N.. 1,500 
P. 154 P.. . 154 154 N. .1,500 1,500 

Next, for the scale subdivisions, there is, for each axis, a factor/as defined by the equation 

a2-al=f log. a2jax 

where (a2 — at) = distance, in terms of any arbitrary unit, between graduations for values o, 
and at (at>aj. 
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These factors / are given under the appropriate heading in Table VI. They are inde¬ 
pendent of the system of measures employed and are therefore the same for both metric and 
English measures. It will, of course, be understood that the unit of measure employed must 
be the same throughout any one diagram. 

Table VI.—Values of factors f. 

PLATES. 

I, V. II, VI. III, VII. IV, VIII. 

D.18.33 
H.16.00 
N.12.570 
C.7.651 
P.6.285 

C.3.030 
H.16.000 
V. 9.091 

D.16.00 
P. 5.333 

C. 1.883 
V.8.603 
H.16.000 
P. 5.33 
N.11. 43 

X.9.358 
V.7.691 
D.16.000 
N.11.68 

To fix the ideas, take Plate I, axis of D. The mid value is 2.8 (metric). The distance to 
the graduation for 2 (meters) will then be measured by 18.33 log. 1.4 = 2.678. This may then 
be laid down to any convenient unit, having in view the size of diagram permissible and the 
range of values desired. 

If there should be reason for extending the diagram to include, say, values of 1 and 10, 
the distance from 2.8 to 1 would be measured by 18.33 log. 2.8=8.197, and, again, the distance 
from 1 to 0 would be measured by 18.33 log. 10 = 18.33. 

Instead of using factors as given in Table VI with a unit adapted to the size of diagram 
desired, a fixed unit such as 1 cm. or 1 inch may be adopted, and we may multiply or divide 
the series of factors in Table VI by any coefficient at will, thus giving various series of numbers, 
but always in the proportion of those in the table. 

Thus, by way of illustration, in Plate I, axis D, the total range is from about 1.875 to about 
4.182. The log. of the ratio of these two numbers is 0.3483, and with a unit of 1 cm. and the 
factor 18.33 as in Table VI the total length of this axis would equal 6.384 cm. By taking a 
unit of 5 cm. or otherwise by using a factor 5 X 18.33 =91.65, the over-all length would become 
31.92 cm. 

In this manner, then, the graduations on any axis may be laid out according to convenience. 
Obviously the same unit must be used throughout for any one diagram. 

If for any reason it should be desired to subdivide the graduations on Plates I . . . VIII 
as printed, or to extend them to somewhat higher or lower limits, the following steps may be 
taken: 

(1) Measure with scale the linear distance between two convenient numbers such as 1 and 
5 or 1 and 10 or any other convenient pair, taking them, however, in such manner as to include 
a considerable part of the scale length. 

(2) Take the log. of the ratio of the two numbers and divide it into the distance. 
The quotient will establish the factor/for the particular unit of measure employed and for 

the plate as actually printed. This factor / may then be used in manner as indicated above 
to determine the distance between the graduations for any two numbers on the scale as desired. 

The scales for altitude require somewhat different treatment. 
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Table VII.—Relation between altitude and density. 

1X<) 

Altitude 
(meters). 

Kg. per cu¬ 
bic meter. 

Altitude 
(feet). 

Pounds per 
cubic foot. 

000 1.214 000 0. 0758 
500 1.155 1,000 .0736 

1,000 1.099 2,000 .0713 
1.500 1.045 3,000 .0691 
2,000 .995 4,000 .0671 
2,500 .946 5,000 .0651 
3,000 .901 6,000 .0631 
3,500 .857 7,000 .0613 
4,000 .815 8,000 . 0595 
4,500 .776 9,000 .0576 
5,000 .738 10,000 .0559 
5,500 .702 11, 000 . 0543 
6,000 .669 12,000 .0527 
6,500 .637 13,000 .0511 
7,000 .608 14,000 .0497 
7,500 .580 15,000 .0481 
8,000 .553 16,000 .0467 
8,500 .529 17,000 .0453 
9,000 .506 18,000 .0442 

19,000 .0428 
20,000 .0415 
21,000 .0402 
22,000 .0390 
23,000 .0379 
24,000 . 0368 
25,000 .0358 
26,000 . 0348 
27,000 .0338 
28,000 .0328 
29,000 .0318 
30,000 .0309 

Table VII gives the relations employed between altitude and density in both metric and 
English measures. 

As previously noted, the actual quantity involved in the computation is density A, but for 
convenience this is represented on the diagram by altitude H. The factor / as given in Table 
VI is for density. Hence, in order to determine the distance between the graduations for any 
two values of the altitude, we may proceed as follows: 

(1) Convert the two values of H into values of A through Table VII by interpolation, or 

graphically by curves plotted from these tables. 
(2) Then divide the larger value of A by the smaller, find the log. of the ratio, multiply 

by the factor/, and the product will give the distance desired. 

Table VIII. 

PROPELLER NO. 1. PROPELLER NO. 2. 

V 
ND Cl c3 Efficiency. 

0.20 0.0919 11.49 287.3 0.343 
.25 .0928 5.940 95.03 .414 
.30 .0940 3.482 38. 70 .479 
.35 .0949 2.213 18.06 .537 
.40 .0952 1.487 9.295 .585 
. 45 .0948 1.040 5.138 .629 
.50 .0938 .7505 3.002 .667 
.55 .0920 .5530 1.828 .701 
.60 .0895 .4144 1.151 .729 
.65 .0863 .3143 .7440 .753 
.70 .0825 .2405 . 4909 .770 
.75 .0783 .1856 .3300 .782 
.80 .0737 .1440 .2250 .788 
.85 .0685 . 1115 .1543 .788 
.90 .0630 . 0864 .1067 .780 
.95 .0570 .0665 .0737 .760 

V 
ND Ci Ci C3 Efficiency. 

0.20 0.1065 13.31 332.8 0.332 

.25 .1067 6.828 109.3 .404 

.30 .1068 3.955 43.96 .472 

.35 .1065 2.484 20.28 .533 

.40 .1057 1.651 10.32 . 585 

.45 .1045 1.147 5.665 .632 

.50 .1024 .8192 3.277 .674 

.55 .0991 .5947 1.969 .708 

.60 .0950 .4398 1.222 .736 

.65 .0901 .3282 .7769 .759 

.70 .0847 .2470 .5040 .774 

.75 .0788 . 1868 .3321 .781 

.80 .0725 .1416 .2212 .781 

.85 .0660 .1075 .1488 . 775 

.90 .0593 .0813 .1004 .757 

.95 .0525 
■ 

.0613 .0679 .717 
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Table VIII—Continued. 
PROPELLER NO. 3. PROPELLER NO. 4. 

V 
ND 

Ci Cv. Cz Efficiency. 
V 

ND Ci {Ci ca Efficiency 

0.20 0.0848 10.60 265.0 0.353 0. 25 0.1032 6.605 105.7 0.410 
.25 .0859 5.50 87.97 .425 .30 .1035 3.833 42.59 .476 
.30 .0870 3.222 35.80 .487 .35 .1035 2. 414 ' 19.71 .532 
.35 .0877 2.046 16.70 .544 .40 .1030 1.609 10. 06 .583 
.40 .0880 1.375 8.594 .594 .45 .1015 1.114 5.502 .629 
.45 .0879 .9648 4.764 .638 .50 .0994 .7953 3.182 .668 
.50 .0872 .6976 2.791 .679 .55 .0963 .5788 1.913 .704 
.55 .0860 .5168 1.709 .713 .60 .0927 .4292 1.192 .734 
.60 .0845 .3912 1.087 .744 .65 .0886 .3227 .7639 .759 
.65 .0825 .3004 .7112 .768 .70 .0841 .2452 .5004 .778 
.70 .0802 .2338 .4772 .788 .75 .0790 .1873 .3330 .794 
.75 .0770 .1825 .3244 .803 .80 .0732 .1430 .2234 .797 
.80 .0733 .1432 .2238 .809 .85 .0665 .1083 . 1499 .786 
.85 .0684 .1114 .1542 .809 .90 .0590 .0809 .0999 .761 
.90 .0629 .0863 .1065 .805 
.95 .0565 .0659 .0730 .786 

1.00 .0498 .0498 .0498 .752 

PROPELLER No. 5. PROPELLER No. 6. 

0.20 0.0710 8.875 221.9 0.383 0.20 0. 0771 9.638 241.0 0.382 
.25 .0713 4.563 73.02 .461 .25 .0762 4.877 78.05 .461 
.30 .0712 2.637 29.30 .526 .30 .0750 2.778 30. 87 .530 
.35 .0708 1.6515 13.48 .583 .35 .0736 1.717 14.02 .586 
.40 .0698 1.091 6.819 .630 .40 .0717 1.1205 7. 003 .635 
.45 .0683 .7497 3.702 .670 .45 .0690 .7574 3.740 .676 
.50 .0661 .5289 2.116 .702 .50 .0655 .5241 2.096 .710 
.55 .0633 .3805 1.258 .726 .55 .0615 .3696 1.222 .733 
.60 .0601 .2783 .7728 .745. .60 .0569 .2634 .7315 .744 
.65 .0566 .2061 .4879 .753 .65 .0520 .1894 .4483 .736 
.70 .0526 .1534 .3131 .743 .70 .0466 .1359 .2773 .705 
.75 .0485 .1150 .2045 .712 

PROPELLER No. 7. PROPELLER No. 8. 

0. 20 0.0682 8.525 213.1 0.395 0.20 0. 0733 9.163 229.1 0.385 
.25 .0686 4.391 70.26 .473 .25 .0726 4.647 74.36 .463 
.30 .0686 2.541 28.24 .538 .30 .0717 2.655 29. 50 .528 
.35 .0680 1.586 12. 95 .597 .35 .0700 1.633 13.33 .586 
.40 .0667 1.042 6. 513 .650 .40 .0677 1.058 6.612 .634 
.45 .0649 .7123 3.518 .695 .45 .0645 .7080 3.496 .675 
.50 .0626 .5009 2.004 .730 .50 .0605 .4840 1.936 .708 
.55 .0600 .3606 1.192 .755 .55 .0564 .3390 1.120 .736 
.60 .0568 .2630 .7306 .772 .60 .0517 .2393 .6647 .755 
.65 .0534 .1945 .4604 .778 .65 .0470 .1712 .4052 .757 
.70 .0494 .1440 .2939 .767 .70 .0421 .1228 .2506 .734 
.75 .0453 .1074 .1910 .737 .75 .0366 .0867 .1542 .679 

PROPELLER No. 9. PROPELLER No. 10. 

0.20 0.0455 5.688 142.2 0.419 
.25 .0449 2.874 45.98 .496 
.30 .0439 1.626 18.07 .561 
.35 .0423 .9868 8.056 .619 
.40 .0405 .6328 3.955 .659 
.45 .0383 .4204 2.076 .683 
.50 .0359 .2872 1.149 .684 
.55 .0335 .2013 .6654 .657 
.60 .0310 .1435 .3986 .588 
.65 .0283 .1030 .2438 .469 

0.20 0.0487 6.087 152.2 0.421 
.25 .0473 3.027 48.44 .505 
.30 .0458 1.696 18.85 .572 
.35 .0437 1.019 8.322 .623 
.40 .0409 .6390 3.994 .657 
.45 .0376 .4127 2.038 .670 
.50 .0337 .2696 1.078 .659 
.55 .0293 .1761 .582 .614 

PROPELLER No. 11. PROPELLER NO. 12. 

0.20 0.0451 5.638 141.0 0. 434 
.25 .0446 2.855 45.67 .522 
.30 .0440 1.630 18.11 .590 
.35 .0429 1.000 8.164 .644 
.40 .0417 .6515 4.073 .682 
. 45 .0400 .4390 2.168 .704 
.50 .0378 .3024 1.210 .707 
• 55 .0350 .2104 .6954 .693 
.60 .0319 .1477 .4103 .644 

0.20 0.0471 5.888 147.2 0.426 
.25 .0464 2.970 47.52 .506 
.30 .0453 1.678 18.64 .571 
.35 .0436 1.017 8.302 .622 
.40 .0412 .6437 4.023 .655 
.45 .0379 .4160 2.055 .669 
.50 .0340 .2720 1.088 .665 
.55 .0297 .1785 .590 .623 
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Table VIII—Continued. 

• PROPELLER NO. 13. PROPELLER NO. 14. 

V 
ND Ci Ci c3 Efficiency. 

0.20 0.0907 11.34 283.5 0.331 
.25 .0920 5.889 94.24 .404 
.30 .0928 3.437 38.19 .469 
.35 .0933 2.176 17.76 .527 
.40 .0934 1.459 9.120 .580 
.45 .0930 1.021 5.042 .628 
.50 .0916 .7329 2.932 .669 
.55 .0895 .5380 1.778 .705 
.60 .0867 .4014 1.115 .736 
.65 .0835 .3041 .7197 .760 
.70 .0795 .2318 .4731 .779 
.75 .0754 .1787 .3177 .791 
.80 .0708 .1383 .2161 .796 
.85 .0660 . 1075 .1488 .795 
.90 .0610 .0837 .1033 .779 
.95 .0557 .0650 .0720 .745 

PROPELLER NO. 15. 

0.20 0.0857 10.71 267.8 0.341 
.25 .0871 5.575 89.21 .413 
.30 .0888 3.289 36.55 .475 
.35 .0900 2.099 17.14 .531 
.40 .0908 1.419 8.870 .586 
.45 .0910 .9988 4.933 .638 
.50 .0902 .7217 2.887 .684 
.55 .0887 .5332 1.763 .720 
.60 .0865 .4005 1.112 .749 
.65 .0836 .3045 .7206 .771 
.70 .0800 .2333 .4761 .787 
.75 .0761 .1804 .3207 .799 
.80 .0719 .1404 .2194 .804 
.85 .0671 .1093 .1513 .802 
.90 .0622 .0853 .1053 .790 
.95 .0570 .0665 .0737 .761 

V 
ND Cy c3 Cz Efficiency. 

0.25 0.1100 7.041 112.7 0.402 
.30 .1100 4.073 45.26 .466 
.35 .1097 2.559 20.89 .524 
.40 .1085 1.695 10.60 .575 
.45 .1065 1.169 5.773 .620 
.50 .1041 .8329 3.332 .660 
.55 .1007 .6053 2.001 .698 
.60 .0966 .4472 1.242 .730 
.65 .0916 .3336 .7895 .757 
.70 .0860 .2508 .5119 .775 
.75 .0797 .1889 . 3558 .784 
.80 .0731 .1428 .2231 .786 
.85 .0662 .1078 .1492 .778 
.90 .0586 .0804 .0993 .750 
.95 .0507 .0591 .0655 .704 

PROPELLER NO. 16. 

0.25 0.1029 6.585 105.4 0.417 
.30 .1030 3.814 42.38 .478 
.35 .1026 2.393 19.54 .535 
.40 .1016 1.587 9.920 .587 
.45 .1000 1.097 5.418 .632 
.50 .0979 .7833 3.133 .673 
.55 .0950 .5710 1.888 .711 
.60 .0915 .4236 1.177 .745 
.65 .0876 .3190 .7550 .772 
.70 .0829 .2417 .4933 .791 
.75 .0775 .1837 .3266 .801 
.80 .0717 .1400 .2187 .803 
.85 .0648 . 1055 .1460 .795 
.90 .0570 .0782 .0965 .774 
.95 .0484 .0565 .0626 .731 

PROPELLER NO. 17. PROPELLER NO. 18. 

0.20 0.0685 8.563 214.1 0. 374 0.20 0. 0742 9.275 231.9 0.370 
.25 .0687 4.397 70.36 .453 .25 .0738 4.724 75.58 .448 
.30 .0685 2.537 28.19 .520 .30 .0727 2.693 29.92 .515 
.35 .0680 1.586 12.95 .578 .35 .0706 1.647 13.45 .576 
.40 .0664 1.037 6.484 .628 .40 .0680 1.063 6.644 .630 
.45 .0642 .7047 3.480 .670 .45 .0647 .7102 3.507 .677 
.50 .0613 .4905 1.962 .710 .50 .0607 .4857 1.943 .717 
.55 .0581 .3492 1.154 .740 .65 .0564 .3390 1.121 .748 
.60 .0545 .2523 .7010 .761 .60 .0517 .2393 .6647 .762 
.65 .0506 .1843 .4362 .769 .65 .0469 .1708 .4042 .758 
.70 .0465 .1356 .2767 .759 .70 .0418 .1219 .2488 .728 
.75 .0422 .1000 .1778 .725 

PROPELLER NO. 19. PROPELLER NO. 20. 

0.20 0.0614 7.675 191.9 0.384 0.20 0.0761 9.514 237.8 0.383 
.25 .0611 3.911 62.58 .462 .25 .0754 4.826 77.22 .455 
.30 .0609 2.255 25.06 .531 .30 .0742 2.748 30.53 .519 
.35 .0601 1.402 11.45 .593 .35 .0724 1.689 13.79 .577 
.40 .0589 .9203 5.752 .647 .40 .0701 1.095 6.844 .629 
.45 .0574 .6300 3.111 .694 .45 .0674 .7398 3.654 .674 
.50 .0555 .4440 1.776 .730 .50 .0639 .5112 2.046 .714 
.55 .0532 .3198 1.057 .759 .55 .0600 .3606 1.192 .745 
.60 .0504 .2333 .6480 .777 .60 .0556 .2574 .7150 .765 
.65 .0474 .1726 .4085 .772 .65 .0508 .1850 .4378 .772 
.70 .0437 .1274 .2600 .738 .70 .0454 .1324 .2702 .757 

.75 .0391 .0927 .1648 .713 

PROPELLER NO. 21. PROPELLER NO. 22. 

0.20 0.0456 5.700 142.5 0.413 0.20 0.0479 5.988 149.7 0.412 
.25 .0455 2.912 46.59 .495 .25 .0472 3.021 48.34 .490 
.30 .0444 1.644 18.27 .563 .30 .0455 1.685 18.72 .556 
.35 .0425 .9914 8.094 .620 .35 .0433 1.010 8.245 .606 
.40 .0402 .6281 3.926 .664 .40 .0403 .6297 3.936 .643 
.45 .0375 .4115 2.033 .697 .45 .0369 .4050 2.000 .660 
.50 .0346 .2768 1.107 .704 .50 .0331 .2648 1.059 .641 
.55 .0317 .1905 .6297 .678 .55 .0290 .1743 .5761 .583 
.60 .0286 .1324 .3678 .613 
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PROPELLER NO. 23. PROPELLER NO. 24. 

V 
ND Ci c2 c3 Efficiency. 

0.20 0.0413 5.163 129.1 0.425 
.25 .0410 2.624 41.99 .507 
.30 .0403 1.493 16. 59 .577 
.35 .0390 .9096 7.426 .633 
.40 .0373 .5828 3.643 .673 
.45 .0356 .3907 1.930 .695 
.50 .0335 .2680 1.072 .696 
.55 .0311 .1869 .6178 .671 
.60 '. 0283 .1310 .3639 .610 

V 
ND c, c2 c3 Efficiency. 

0.20 0.0454 5.675 141.9 0.429 
.25 .0444 2.842 45.47 .510 
.30 .0427 1.581 17.57 .576 
.35 .0404 .9424 7.692 .628 
.40 .0378 .5906 3.691 .663 
.45 .0345 .3787 1.870 .679 
.50 .0310 .2480 .9920 .671 
.55 .0271 .1629 .5384 .616 

PROPELLER NO. 25. PROPELLER NO. 26. 

0.25 0. 1123 7.187 115.0 0.370 0.25 0.1182 7.565 121.05 0. 390 
.30 .1140 4.222 46.92 .433 .30 . 1183 4.382 48.69 .455 
.35 .1157 2.699 22.04 .494 .35 .1181 2.755 22.49 .514 
.40 .1168 1.825 11.41 .546 .40 . 1176 1.837 11.48 .564 
.45 .1169 1.283 6.336 .594 .45 .1163 1.276 6.304 .610 
.50 . 1162 .9296 3.718 .636 .50 .1137 .9097 3.639 .651 
.55 .1148 .6900 2.281 .672 .55 . 1103 .6630 2.192 .685 
.60 .1126 .5213 1.448 .701 .60 . 1065 .4931 1.370 .716 
.65 . 1099 .4002 .9473 .727 . 65 .1020 .3715 .8792 .740 
.70 .1066 .3108 .6343 .744 .70 .0973 . 2837 .5790 .758 
.75 .1026 .2432 .4324 .753 .75 .0919 .2178 .3872 .763 
. 80 .0981 .1916 .2994 .755 .80 .0859 .1678 .2622 .759 
.85 .0930 .1514 .2095 .749 .85 .0798 .1300 .1799 .742 
.90 .0872 .1196 . 1477 .735 .90 .0731 .1003 .1238 .705 
.95 .0806 .0940 .1042 .705 

PROPELLER NO. 27. PROPELLER NO. 28. 

0.25 0.0990 6.336 101.4 0.415 0.25 0.1105 7. 072 113.17 0.403 
.30 .1004 3. 718 41.31 .478 .30 . 1121 4.152 46.13 .463 
.35 .1016 2.370 19.35 .530 .35 .1134 3.645 29.76 .517 
.40 .1027 1.605 10.03 .578 .40 .1140 1.781 11.13 .565 
.45 .1033 1.134 5.600 .620 .45 . 1137 1.248 6.164 .608 
.50 .1033 .8265 3. 306 .659 .50 .1124 .8993 3. 597 .646 
.55 . 1022 .6143 2.031 .691 .55 .1103 .6630 2.192 .683 
.60 . 1003 .4644 1.290 .719 .60 .1075 .4976 1.382 .713 
.65 . 0975 .3551 .8405 .741 .65 . 1037 .3777 .8939 .741 
.70 .0940 .2741 .5594 .759 .70 .0988 .2881 .5880 .763 
.75 .0900 .2133 .3792 .769 .75 .0929 .2202 .3915 .778 
.80 .0854 .1668 .2606 .772 .80 .0863 .1686 .2634 .783 
. 85 .0804 . 1309 .1812 .767 .85 .0795 .1295 . 1792 .774 
.90 .0751 .1030 .1272 .746 .90 .0724 .0993 . 1226 .741 
.95 .0691 .0806 .0893 .707 

PROPELLER NO. 29. PROPELLER NO. 30. 

0.20 0.0873 10.91 272.8 0. 348 
.25 .0890 5.696 91.14 .424 
.30 .0901 3. 337 37.08 .492 
.35 .0906 2.113 17.25 .551 
.40 .0904 1.4125 8.828 .600 
.45 .0888 .9747 4.813 .644 
.50 .0861 .6889 2.756 .676 
.55 .0826 .4965 1.641 .700 
.60 .0783 .3625 1.007 .714 
.65 .0740 .2695 .6378 .717 
.70 .0695 .2027 .4137 .709 
.75 .0648 .1536 .2731 .680 

0.20 0.0869 10.86 271.5 0.365 
.25 .0864 5. 530 88.49 .433 
.30 .0857 3.174 35.27 .496 
.35 .0845 1.971 16.09 .553 
.40 .0826 1.291 8.069 .602 
.45 .0797 .8748 4.320 .645 
.50 .0759 .6073 2.429 .680 
.55 .0713 .4285 1.416 .706 
.60 .0665 .3079 .8554 .721 
.65 .0614 .2236 .5292 .719 
.70 .0560 .1633 .3333 .691 

PROPELLER NO. 31. PROPELLER NO. 32. 

0. 20 0.0783 9.788 244.7 0.371 
.25 .0792 5.069 81.11 .448 
.30 .0799 2.959 32.88 .509 
.35 .0799 1.864 15.22 .561 
.40 .0791 1.236 7.725 .607 
.45 .0776 .8518 4.207 .649 
.50 .0754 .6033 2.413 .684 
.55 .0725 .4358 1.441 .715 
.60 .0689 .3190 .8861 .734 
.65 .0650 .2367 .5602 .738 
.70 .0604 .1761 .3594 .727 
.75 .0556 . 1318 .2343 .695 
.80 .0505 .0986 .1541 .641 

0.20 0.0828 10. 35 258.8 0.367 
.25 .0838 5.364 85.83 .440 
.30 .0844 3.126 34.73 .504 
.35 .0841 1.962 16.02 .560 
.40 .0825 1.289 8.056 .610 
.45 .0797 .8748 4.320 .655 
.50 .0760 .6081 2.432 .694 
.55 .0716 .4303 1.422 .723 
.60 .0670 .3102 .8618 .739 
.65 .0621 .2261 .5351 .737 
.70 .0571 .1665 .3398 .701 

4 
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PROPELLER NO. 33. PROPELLER NO. 34. 

V 
ND Ci c2 Ci Efficiency. 

0.20 0. 0579 7.238 180.95 C. 397 
.25 .0589 3. 770 60.32 .473 
.30 . 0583 2.178 24.20 .536 
.35 .0577 1.346 10.99 .585 
.40 .0560 . 8750 5.469 .620 
.45 .0534 .5861 2.895 .634 
.50 .0503 .4025 1.610 .631 
.55 .0468 .2813 .9298 .605 
.60 .0428 .1981 .5504 .544 

V 
ND Ci 

• 
c2 c3 Efficiency. 

0.20 0.0540 6.750 168.8 0.410 
.25 .0535 3.424 54.79 .479 
.30 .0524 1.941 21.57 .537 
.35 .0506 1.180 9.633 .580 
.40 .0478 .7468 4.669 .606 
.45 .0442 .4851 2.396 .613 
.50 .0401 .3209 1.284 .590 
.55 .0358 .2152 .7113 .527 

PROPELLER No. 35. PROPELLER No. 36. 

0.20 0.0557 6.963 174.1 0.404 0.20 0.0580 7.250 181.2 0.400 
.25 .0560 3.584 57.34 .481 .25 .0579 3.706 59.30 .471 
.30 .0560 2.074 23.04 .541 .30 .0571 2.115 23.50 .531 
.35 .0550 1.283 10.47 .581 .35 .0554 1.292 10.55 .576 
.40 .0531 .8297 5.186 ‘ .627 .40 .0524 .8188 5.117 .612 
.45 .0505 .5542 2.737 .645 .45 .0488 . 5356 2. 645 .628 
.50 .0477 .3817 1.527 .643 . 50 .0446 .3569 1.428 .622 
.55 .0447 .2687 .8881 .612 .55 .0398 .2392 .7907 .581 

PROPELLER No. 37. PROPELLER No. 38. 

0.25 0.1130 7.232 115.7 0.371 
.30 . 1152 4.267 47.41 .432 
.35 .1179 2.750 22.45 .490 
.40 .1186 1.853 11.58 .544 
.45 .1178 1.293 6.385 .593 
.50 .1157 .9257 3.703 .635 
.55 .1130 .6792 2.245 .672 
.60 .1092 .5056 1.404 .702 
.65 . 1051 .3827 .9058 .728 
.70 .1007 .2936 .5992 .745 
.75 .0954 .2262 .4021 .757 
.80 . 0898 . 1754 . 2741 .761 
.85 .0839 .1366 .1891 .757 
.90 .0777 .1066 .1316 . 741 
.95 .0712 .0831 .0921 .710 

0.25 0.1199 7.674 122.8 0.380 
.30 .1217 4.507 50.08 .445 
.35 .1223 2.853 23.29 .505 
.40 .1212 1.894 11.84 .560 
.45 .1189 1.305 6.445 .610 
.50 .1155 .9240 3.696 .652 
.55 .1113 .6690 2.212 .689 
.60 .1064 . 4926 1.368 .721 
.65 .1009 .3675 .8698 .745 
.70 .0949 .2767 .5647 .760 
.75 .0885 .2098 .3730 .761 
.80 .0818 .1598 .2497 .747 
.85 .0747 .1217 .1684 .717 

PROPELLER No. 39. PROPELLER No. 40. 

0. 25 0.0996 6.375 102.0 0.414 0.25 0.1139 7.290 116.6 0.389 
.30 .1011 3.745 41.61 .478 .30 .1151 4.263 47.36 .453 
.35 .1027 2.395 19. 56 .533 .35 .1163 2.713 22.15 .510 
.40 .1039 1.623 10.14 .582 .40 .1161 1.814 11.34 .561 
.45 .1043 1.145 5.655 .625 .45 . 1148 1.260 6.223 .607 
.50 .1039 .8312 3.325 .661 .50 . 1125 .9000 3.600 .650 
.55 .1028 .6179 2.043 .692 .55 . 1091 .6558 2.168 .685 
.60 .1013 .4690 1.303 .720 .60 .1050 .5861 1.628 .718 
.65 .0990 .3605 .8532 .741 .65 .1000 .3642 .8620 .741 
.70 .0960 .2799 .5713 .757 .70 .0945 .2755 .5623 .759 
.75 .0920 .2181 .3877 .769 .75 .0885 .2098 .3730 .766 
.00 .0874 .1707 .2667 .770 .80 .0821 .1604 .2506 .765 
.85 .0821 . 1337 .1850 .764 .85 .0757 .1233 .1707 .753 
.90 .0764 .1048 .1294 .740 .90 .0688 .0944 .1165 .722 
.95 .0702 .0819 .0907 .699 

PROPELLER No. 41. PROPELLER No. 42. 

0.20 0.0866 10.827 270.6 0.347 0.20 0.0863 10. 79 269.5 0.345 
.25 .0880 5.632 90.12 .419 .25 .0875 5.600 89.61 .418 
.30 .0891 3.300 36.67 .480 .30 .0880 3.259 36.22 .490 
.35 .0892 2.081 16.99 .540 .35 .0873 2.036 16.62 .550 
.40 .0875 1.367 8.544 .589 .40 .0846 1.322 8.256 .603 
.45 .0847 .9297 4.591 .636 .45 .0809 .8880 4.385 .648 
.50 .0807 .6457 2.583 .674 .50 .0767 .6136 2.454 .685 
.55 .0763 .4586 1.516 .704 .55 .0720 .4328 1.431 .713 
.60 .0716 .3315 .9209 .723 .60 .0668 .3093 .8592 .725 
.65 .0664 .2418 .5722 .726 .65 .0611 .2225 .5266 .723 
.70 .0613 .1788 .3649 .709 .70 .0553 .1612 .3290 .690 
.75 .0559 .1325 .2356 .662 

1 
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PROPELLER NO. 43. PROPELLER NO. 44. 

V 
ND Ci c2 c3 Efficiency. 

0. 20 0.0821 10.26 256.5 0.359 
.25 .0833 5.331 85.30 .434 
.30 .0838 3.103 34.48 .500 
.35 .0828 1.931 15.77 .555 
.40 .0807 1.261 7. 882 .604 
.45 .0776 .8517 4.206 .647 
.50 .0736 .5889 2.356 .681 
.55 .0694 .4171 1.379 .701 
.60 .0647 .2995 .8320 .707 
.65 .0599 .2181 .5162 .696 
.70 .0548 .1598 .3261 .666 

V 
ND Ci (?2 c3 Efficiency. 

0.20 0.0770 9.625 240.6 0.371 
.25 .0780 4.992 79. 88 .448 
.30 .0792 2.934 32.60 .510 
.35 .0795 1.854 15.14 .565 
.40 .0787 1.230 7.687 .614 
.45 .0773 .8485 4.190 .656 
.50 .0751 .6009 2.404 .690 
.55 .0723 .4346 1.436 .717 
.60 .0690 .3194 .8874 .731 
.65 .0653 .2378 .5628 .731 
.70 .0612 .1785 .3643 .711 
.75 .0570 .1351 .2402 .666 

PROPELLER NO. 45. PROPELLER NO. 46. 

0. 20 0.0563 7.038 176.0 0.400 0.20 0.0607 7.588 189.7 0.399 
.25 .0564 3.610 57.76 .474 .25 .0602 3.853 61.65 .472 
.30 .0561 2.078 23.09 .535 .30 .0589 2.181 24. 24 .534 
.35 .0551 1. 285 10.49 .578 .35 .0568 1.325 10.82 .581 
.40 .0535 .8359 5.224 .602 .40 .0539 .8420 5.263 .609 
.45 .0516 .5663 2.797 .606 .45 .0501 .5499 2.716 .615 
.50 .0492 .3936 1.574 .591 .50 .0461 .3688 1.476 .590 
.55 .0465 .2795 .9238 .546 .55 .0415 .2494 .8244 .530 

PROPELLER NO. 47. PROPELLER NO. 48. 

0.20 0. 0518 6.476 161.9 0.415 0.20 0.0560 7.000 175.0 0.402 
.25 .0519 3.322 53.15 .489 .25 .0557 3.565 57.04 .480 
.30 .0515 1.907 21.19 .545 .30 .0544 2.015 22.39 .541 
.35 .0504 1.175 9.596 .585 .35 .0522 1.217 9.938 .583 
.40 .0489 .7640 4.775 .608 .40 .0496 .7750 4.844 .605 
.45 .0466 .5115 2.526 .613 .45 .0466 .5115 2.526 .605 
.50 .0442 .3537 1.415 .602 .50 .0434 .3472 1.390 .579 
.55 .0412 .2476 .8184 .565 .55 .0400 .2404 .7946 .515 

PROPELLER NO. 80. PROPELLER NO. 81. 

0.25 0.1101 7. 049 112.8 0.355 0.25 0.1346 8.616 137.9 0.349 
.30 .1114 4.127 45. 85 .414 .30 .1354 5.016 55.73 .409 
.35 .1129 2.633 21.50 .470 .35 .1363 3.179 25.95 .466 
.40 .1144 1.788 11.18 .520 .40 .1367 2.136 13.35 .518 
.45 .1159 1.272 6.281 .567 .45 .1367 1.501 7.412 .565 
.50 .1171 .9369 3.748 .610 .50 .1359 1.087 4.348 .610 
.55 .1176 .7068 2.337 .648 .55 .1342 .8066 2.667 .650 
.60 .1170 .5417 1.505 .680 .60 .1315 .6089 1.692 .684 
.65 .1155 .4206 .9954 .711 .65 .1277 .4650 1.101 .714 
.70 .1130 .3295 .6726 .737 .70 .1229 .3584 .7314 .740 
.75 .1095 .2596 .4615 .760 .75 .1172 .2779 .4941 .763 
.80 . 1053 .2057 .3214 .779 .80 .1107 .2162 .3378 .781 
.85 .1000 .1629 .2255 .795 .85 .1038 .1690 .2339 .796 
.90 .0943 . 1294 .1598 .806 .90 .0960 .1317 .1626 .803 
.95 .0879 .1025 .1136 .813 .95 .0880 .1027 .1138 .804 

1.00 .0811 .0811 .0811 .816 1.00 .0797 .0797 .0797 .796 
1.05 .0740 .0639 .0580 .811 1.05 .0711 .0614 .0557 .780 
1.10 . 0665 .0500 .0413 .796 1.10 .0624 .0469 .0388 .748 

PROPELLER NO 82. PROPELLER NO. 83. 

0.25 0.0993 6.356 101.7 0.374 0.25 0.1242 7.950 127.2 0.359 
.30 .1008 3.733 41.48 .436 .30 .1251 4.633 51.48 .419 
.35 .1029 2.400 19.60 .490 .35 .1260 2.940 24.00 .474 
.40 .1055 1.648 10.30 .540 .40 .1268 1.981 12.38 .529 
.45 .1077 1.182 5.837 .584 .45 .1274 1.398 6.904 .577 
.50 .1094 .8753 3.501 .628 .50 .1273 1.018 4.072 .620 
.55 .1104 .6636 2.194 .668 .55 .1267 .7616 2.518 .658 
.60 .1106 .5120 1.422 .704 .60 .1255 .5810 1.614 .693 
.65 .1098 .3999 .9465 .734 .65 .1230 .4479 1.060 .724 
.70 .1080 .3149 .6427 .757 .70 .1198 .3493 .7130 .750 
.75 .1053 .2496 .4437 .778 .75 .1157 .2743 .4877 .773 
.80 .1016 .1985 .3102 .796 .80 .1107 .2162 .3378 .791 
.85 .0974 .1586 .2195 .811 .85 .1045 .1702 .2356 .805 
.90 .0924 .1267 .1564 .823 .90 .0975 .1338 .1652 .815 
.95 .0869 .1014 .1124 .832 .95 .0898 .1047 .1160 .817 

1.00 .0811 .0811 .0811 .834 1.00 .0814 .0814 .0814 .816 
1.05 .0748 .0646 .0586 .830 1.05 .0725 .0626 .0568 .807 
1.10 .0678 .0509 .0421 .817 1.10 .0629 .0473 .0391 .784 
1.15 .0603 .0396 .0300 .794 1.15 .0530 .0348 .0263 .740 

1.20 .0427 .0247 .0172 .668 
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PROPELLER NO. 90. 

Table VIII—Continued. 
PROPELLER NO. 91. 

V 
ND Ci c2 Cs Efficiency. 

V 
ND Ci Ci c3 Efficiency. 

0.20 0.0500 6.250 156.2 0.426 0.20 0.0513 6.413 160.3 0.430 
.25 .0497 3.181 50.90 .504 .25 .0502 3.213 51.41 .508 
.30 .0489 1.811 20.12 .570 .30 .0486 1.800 20.00 .571 
.35 .0474 1.105 9.025 .621 .35 .0464 1.082 8.832 .620 
.40 .0453 .7078 4.424 .653 .40 .0434 .6782 4.239 .651 
.45 .0428 .4698 2.320 .668 .45 .0401 .4401 2.174 -.655 
.50 .0398 .3184 1.274 .665 .50 .0365 .2920 1.168 .632 
.55 .0366 .2200 .7272 .626 .55 .0326 .1959 .6475 .570 

PROPELLER NO. 92. PROPELLER NO. 93. 

0.20 0.0729 9.113 227.8 0.375 
.25 .0734 5.698 91.18 .451 
.30 .0737 2.730 30.33 .523 
.35 .0736 1.717 14.02 .585 
.40 .0732 1.144 7.150 .637 
.45 .0722 .7924 3.914 .677 
.50 .0705 .5640 2.256 .710 
.55 .0681 .4093 1.353 .734 
.60 .0650 .3009 .8359 .749 
.65 .0615 .2240 .5302 .756 
.70 .0574 .1674 .3417 .750 
.75 .0531 .1259 .2238 .728 
.80 .0484 .0945 .1477 .664 

0.20 0.0765 9.563 239.1 0.375 
.25 .0760 4.865 77.84 .450 
.30 .0750 2.778 30.86 .521 

’ .35 .0737 1.719 14.02 .586 
.40 .0719 1.1235 7.022 .640 
.45 .0692 .7596 3.751 .684 
.50 .0656 .5249 2.100 .715 
.55 .0615 .3696 1.222 .734 
.60 .0568 .2630 .7306 .739 
.65 .0515 .1875 .4437 .726 
.70 .0459 .1338 .2731 .684 

PROPELLER NO. 94. PROPELLER NO. 95. 

0.25 0.0954 6.106 97.70 0.422 0.25 0.1122 7.181 114.9 0.390 
.30 .0968 3.585 39.84 .485 .30 .1127 4.174 46.37 .455 
.35 .0980 2.286 18.67 .540 35 .1127 2.628 21.46 .515 
.40 .0987 1.542 9.638 .588 .40 .1120 1.750 10.94 569 
.45 .0990 1.087 5.369 .630 .45 .1106 1.214 5.996 .616 
.50 .0987 .7897 3.159 .667 .50 .1083 .8665 3.467 .659 
.55 .0979 .5885 1.946 .701 .55 .1053 .6329 2.092 .695 
.60 .0964 .4463 1.240 .728 .60 .1016 .4704 1.307 .725 
.65 .0940 .3423 .8101 .752 .65 .0970 .3533 .8362 .751 
.70 .0905 .2639 .5386 .771 .70 .0916 .2671 .5451 .767 
.75 .0864 .2048 .3641 .784 .75 .0855 .2027 .3604 .773 
.80 .0816 .1594 .2491 .790 .80 .0789 .1541 .2408 .772 
.85 .0761 .1239 .1715 .790 .85 .0719 1171 .1621 .758 
.90 .0704 .0966 .1193 .776 .90 .0644 .0883 .1090 .723 
.95 .0642 .0749 .0830 .743 

\ 

PROPELLER NO. 96 (ANGLE DECREASED 6°). PROPELLER NO. 96 (ANGLE DECREASED 4°). 

0.25 0.0439 2.810 44.96 0.471 0.25 0.0514 3.290 52.64 0.466 
.30 .0433 1.604 17.83 .532 .30 .0508 1.881 20.90 .524 
.35 .0421 . 9820 8.016 .581 .35 .0494 1.152 9.405 .574 
.40 .0405 .6328 3.955 .615 .40 .0474 .7407 4.630 .619 
.45 .0387 .4247 2.097 .632 .45 .0450 .4939 2.439 .655 
.50 .0366 .2928 1.171 .628 .50 .0421 .3368 1.347 .677 
.55 .0343 .2062 .6817 .596 .55 .0389 .2338 .7728 .673 
.60 .0318 1472 .4090 .525 .60 .0357 .1653 .4592 .630 
.65 .0292 .1063 .2516 .386 .65 .0322 .1173 .2776 .549 

PROPELLER NO. 96 (STANDARD SETTING). PROPELLER NO. 96 (ANGLE INCREASED 4*). 

0.35 0.0979 2.283 18.64 0.519 
.40 .0970 1.516 9.475 .570 
.45 .0953 1.046 5.166 .616 
.50 .0931 .7449 2.980 .657 
.55 .0899 .5404 1.787 .691 
.60 .0802 .3991 1.109 .721 
.65 .0820 '.2986 .7067 .746 
.70 .0775 .2260 .4612 .763 
.75 .0726 .1721 .3060 .772 
.80 .0675 .1318 .2060 .771 
.85 .0621 .1011 .1399 .756 
.90 .0565 .0775 .0957 .722 
.95 .0507 .0591 .0655 .669 

0.25 0.0746 4.774 76.40 0.419 
.30 .0740 2.741 30.45 .489 
.35 .0727 1.696 13.85 .551 
.40 .0707 1.105 6.906 .608 
.45 .0681 7474 3.691 .655 
.50 .0651 .5209 2.084 .694 
.55 .0615 .3696 1.222 .722 
.60 .0578 .2676 .7434 .740 
.65 .0537 .1956 .4630 .748 
.70 .0495 .1443 .2946 .744 
.75 .0451 .1069 .1901 .716 
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Table VIII—Continued. 

PROPELLER NO. 96 (ANGLE INCREASED 8°). PROPELLER NO. 96 (ANGLE INCREASED 12°). 

V 
ND ct C3 Efficiency. 

0.40 0.1183 1.848 11.55 0.518 
.45 .1189 1.305 6.445 .565 
.50 .1186 .9489 3. 796 .606 
.55 .1177 .7074 2.339 .643 
.60 .1159 . 5366 1.491 .677 
.65 .1134 .4130 .9776 .707 
.70 .1104 .3219 .6570 .733 
.75 .1063 .2520 .4480 .752 
.80 .1018 , .1988 .3107 .767 
.85 .0965 .1572 .2176 .774 
.90 .0911 .1250 .1543 .775 
.95 .0853 .0995 .1103 .765 

1.00 .0791 .0791 .0791 .745 

V 
ND Ci Cz Cz Efficiency. 

0. 50 0.1444 1.155 4.620 0.534 
.55 .1457 . 8757 2.895 .577 
.60 .1465 .6782 1.884 .614 
.65 .1464 .5331 1.262 .648 
.70 .1454 . '.240 . 8654 .679 
.75 .1436 .3404 .6052 .704 
.80 .1410 .2754 . 4304 .725 
.85 . 1375 .2239 .3099 • .742 
.90 .1331 .1826 .2255 .756 
.95 .1278 .1491 .1652 .765 

1.00 .1215 .1215 .1215 .770 
1.05 .1147 .0991 .0899 .771 
1.10 .1073 .0806 .0666 .767 
1.15 .0996 .0655 .0495 .755 
1.20 .0913 .0528 .0367 .733 
1.25 .0826 .0423 .0271 .702 

PROPELLER NO. 96 (ANGLE INCREASE 16°). 

0.55 0.1600 0. 9617 3.179 0. 533 
.60 .1627 . 7532 2.093 .574 
.65 . 1657 .6034 1.428 .610 
.70 .1682 .4904 1.001 .644 
.75 .1702 .4034 .7172 .670 
.80 .1713 .3346 .5228 .694 
.85 .1704 . 2775 .3841 .713 
.90 .1682 .2307 .2848 .728 
.95 .1646 .1920 .2128 .741 

1.00 . 1596 .1596 .1596 .750 
1.05 . 1539 .1329 .1206 .758 
1.10 .1478 .1111 .0918 .763 
1.15 .1412 .0928 .0702 .764 
1.20 .1344 .0778 .0540 .762 
1.25 .1271 . 0651 .0417 .754 
1.30 .1198 .0545 .0323 .742 
1.35 .1121 .0456 . 0250 .721 

PROPELLER NO. 111. 

PROPELLER NO. 96 (ANGLE INCREASED 20°). 

0. 65 0.1889 0. 6880 1.629 0. 539 
.70 .1912 .5575 1.138 .574 
.75 .1942 . 4603 .8184 .606 
.80 .1969 .3846 .6010 . 635 
.85 .1990 .3241 .4486 .661 
.90 .2003 .2748 . 3393 .684 
.95 . 2005 .2339 . 2592 .704 

1.00 .1995 .1995 . 1995 .720 
1.05 .1972 .1704 . 1546 .732 
1.10 .1940 . 1458 .1205 .742 
1.15 .1897 . 1217 .0943 .748 
1.20 .1847 .1069 .0742 .753 
1.25 .1790 .0917 .0587 .756 
1.30 . 1730 .0787 .0466 .756 
1.35 .1668 .0678 .0372 .753 
1.40 . 1605 .0585 .0298 .745 
1.45 .1542 . 0506 .0241 .734 
1.50 .1477 .0)38 .0195 .719 

PROPELLER NO. 112. 

0.25 0.1234 7.898 126.4 0.285 0.25 0.1647 10.54 

• 

168.7 0.291 
.30 .1236 4.578 50. 87 .340 .30 .1659 6.115 68.28 .345 
.35- .1241 2.895 23.63 .394 .35 .1671 3.898 31.82 .397 
.40 .1252 1.956 12. 22 .445 .40 .1685 2.633 16.46 .446 
.45 .1266 1.390 6.865 .495 .45 .1698 1.861 9.205 .491 
.50 .1284 1.027 4.108 .541 .50 .1703 1.362 5.448 .536 
.55 .1303 .7831 2.589 .583 .55 .1702 1.023 3.382 .577 
.60 .1318 .6102 1.695 .623 .60 .1691 .7830 2.175 .617 
.65 .1329 .4840 1.146 .659 .65 .1672 .6089 1.441 .651 
.70 .1336 .3896 .7951 .689 .70 .1646 . 4799 .9795 .682 
.75 .1334 .3162 . 5622 .718 .75 .1611 .3819 .6790 .710 
.80 .1322 . 2582 .4035 .742 .80 . 1570 .3067 .4793 .735 
.85 .1303 .2122 .2937 .764 .85 .1520 .2475 .3425 .756 
.90 .1276 .1750 .2161 .782 .90 .1462 .2005 .2475 .775 
.95 .1237 . 1443 .1599 .797 .95 . 1395 .1627 .1803 .790 

1.00 .1189 .1189 .1189 .810 1.00 .1319 .1319 .1319 .802 
1.05 .1133 .0979 .0888 .820 1.05 .1234 .1066 .0967 .810 
1.10 .1070 .0804 .0665 .827 1.10 .1141 .0857 .0709 .815 
1.15 .1000 . 0658 .0497 .829 1.15 .1049 .0690 .0522 .816 
1.20 .0927 . 0536 .0372 .829 1.20 .0951 .0550 .0382 .813 
1.25 .0850 .0435 . 0278 .825 1.25 .0853 .0437 .0280 .801 
1.30 .0766 .0349 .0206 .814 1.30 . 0753 .0343 . 0203 .777 
1.35 .0686 .0279 .0153 .790 

PROPELLER NO. 113. PROPELLER NO. 114. 

0.25 0.1209 7.738 123.8 0.311 
.30 .1221 4.523 50.25 .369 
.35 .1237 2.885 23.56 .425 
.40 .1260 1.969 12.31 .478 
.45 .1289 1.415 6.987 .529 
.50 .1320 1.056 4.224 .577 
.55 .1354 .8138 2.690 .619 
.60 .1380 .6390 1.775 .655 
.65 .1395 .5080 1.202 .685 
.70 .1400 .4082 . 8331 .711 
.75 .1394 .3304 .5874 .735 
.80 .1380 .2696 .4213 .756 
.85 .1357 .2210 .3059 .775 
.90 .1327 .1820 .2247 .791 
.95 .1288 .1502 .1664 .806 

1.00 .1240 .1240 .1240 .819 
1.05 .1185 .1024 .0929 .831 
1.10 .1124 .0844 .0698 .838 
1.15 .1059 .0696 .0526 .840 
1.20 .0990 .0573 .0398 .837 
1.25 .0915 .0469 .0300 .826 
1.30 .0837 .0381 .0225 .803 

0.25 0.1458 9.332 149.3 0.311 
.30 .1476 5.467 60.75 .369 
.35 .1497 3.492 28.51 .422 
.40 .1519 2.373 14.83 .473 
.45 .1538 1.688 8.336 .518 
.50 .1557 1.246 4.984 .561 
.55 .1574 .9461 3.128 .599 
.60 .1588 .7352 2.042 .634 
.65 .1595 .5808 1.375 .665 
.70 .1596 .4653 .9496 .694 
.75 . 1582 .3750 . 6666 .719 
.80 .1556 .3040 .4750 .742 
.85 .1514 .2466 .3413 .761 
.90 .1458 .2000 .2470 .780 
.95 .1386 .1617 .1792 .795 

1. 00 .1308 .1308 .1308 .807 
1.05 .1224 .1057 .0959 .817 
1.10 .1137 .0854 .0706 .823 
1.15 .1049 .0692 .0522 .826 
1.20 .0957 .0554 .0385 .822 
1. 25 .0865 .0443 .0284 .811 
1.30 .0770 .0350 .0207 .790 
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Table VIII—Continued. 
PROPELLER NO. 115. PROPELLER NO. 116. 

V 
ND Ci c2 C3 Efficiency. 

0.20 0.0556 6.950 173.8 0.384 
.25 .0552 3.533 56.53 .459 
.30 .0547 2.026 22.51 .521 
.35 .0538 1.255 10.25 .580 
.40 .0527 .8235 5.147 .632 
.45 .0513 .5631 2.781 .680 
.50 .0496 .3968 1.587 .718 
.55 .0473 .2843 .9398 .751 
.60 .0441 .2042 .5673 .769 
.65 .0404 .1471 .3481 .775 
.70 .0364 .1061 .2165 .760 
.75 .0320 .0758 .1348 .720 

V 
ND Cl c2 c3 Efficiency. 

0.20 0.0404 5.050 126.2 0.422 
.25 .0400 2.560 40.96 .508 
.30 .0394 1.459 16.22 .579 
.35 .0380 .8863 7.236 .632 
.40 .0358 .5594 3.496 .674 
.45 .0334 .3666 1.811 .700 
.50 .0304 .2432 .9728 .705 
.55 .0271 .1629 .5384 .681 
.60 .0236 .1092 .3035 .624 

PROPELLER NO. 117. PROPELLER No. 118. 

0.20 0.0746 9.325 233.1^ 0.360 
.25 .0752 4. 813 77.02 .431 
.30 .0760 2.815 31.28 .492 
.35 .0766 1.787 14.59 k .547 
.40 .0771 1.205 7.531 .594 
.45 .0776 .8518 4.207 .636 
.50 .0777 .6217 2.487 .673 
.55 .0771 .4634 1.532 41 .706 
.60 .0757 .3505 .9736 .737 
.65 .0727 .2648 .6267 .764 
.70 .0688 .2006 .4094 .782 
.75 .0639 .1515 .2693 .795 
.80 .0578 .1129 .1764 .798 
.85 .0512 .0834 .1154 .790 
.90 .0443 .0608 .0751 .770 
.95 .0370 .0432 .0479 .724 

0.25 0.0937 5.997 95.96 0.357 
.30 .0945 3.500 38.89 .421 
.35 .0959 2.237 18.26 .483 
.40 .0972 1.519 9.493 .540 
.45 .0984 1.080 5.333 .590 
.50 .0999 .7993 3.197 .631 
.55 .1009 .6065 2.005 .668 
.60 .1011 .4681 1.300 .699 
.65 .1010 .3678 .8705 .727 
.70 .1000 .2916 .5952 .753 
.75 .0980 .2323 .4130 .773 
.80 .0946 .1848 .2887 .789 
.85 .0902 .1469 .2033 .801 
.90 .0852 .1169 .1443 .810 
.95 .0792 .0924 .1024 .816 

1.00 .0729 .0729 .0729 .819 
1.05 .0660 .0570 .0517 .817 
1.10 .0586 .0440 .0364 .804 
1.15 .0509 .0335 .0253 .774 

PROPELLER NO. 119. PROPELLER NO. 120. 

0.25 0.1128 7.220 115.5 0.301 
.30 .1130 4.185 46.50 .359 
.35 .1131 2.638 21.54 .411 
.40 .1137 1.777 11.11 .464 
.45 .1144 1.255 6.198 .512 
.50 .1153 .9225 3.690 .561 
.55 .1164 .6993 2.313 .606 
.60 .1177 .5449 1.514 .646 
.65 .1195 .4351 1.030 .680 
.70 .1210 .3528 .7200 .710 
.75 .1220 .2892 .5141 .738 
.80 .1221 .2385 .3727 .760 
.85 .1250 .2036 .2818 .779 
.90 .1196 .1641 .2026 .790 
.95 .1167 .1361 .1508 .805 

1.00 .1125 .1125 .1125 .813 
1.05 .1073 .0927 .0841 .817 
1.10 .1011 .0760 .0628 .818 
1.15 .0935 .0615 .0465 .812 
1.20 .0851 .0492 .0342 .802 
1.25 .0762 .0390 .0250 .785 
1.30 .0670 .0305 .0181 .758 

0.20 0.0625 7.814 195.4 0.362 
.25 .0617 3.949 63.19 .440 
.30 .0605 2.241 24.90 .508 
.35 .0592 1.381 11.27 .570 
.40 .0576 .9000 5.625 .623 
.45 .0554 .6081 3.003 .667 
.50 .0525 .4200 1.680 .701 
.55 .0489 .2939 .9714 .723 
.60 .0447 .2069 .5749 .731 
.65 .0400 .1457 .3448 .716 
.70 .0351 .1023 .2088 .677 

PROPELLER No. 121. PROPELLER No. 122. 

0.20 0.0620 7.750 193.8 0.371 0.20 0.0659 8.238 206.0 0.367 
.25 .0617 3.949 63.19 .448 .25 .0656 4.199 67.20 .440 
.30 .0612 2.267 25.19 .518 .30 .0651 2.411 26.79 .504 
.35 .0603 1.406 11.48 .572 .35 .0645 1.504 12.28 .555 
.40 .0592 .9250 5.782 .619 .40 .0635 .9922 6.201 .603 
.45 .0575 .6311 3.117 .661 .45 .0623 .6838 3.377 .649 
.50 .0553 .4424 1.770 .695 .50 .0604 .4833 1.933 .687 
.55 .0521 .3131 1.035 .720 .55 .0582 .3498 1.153 .721 
.60 .0487 .2255 .6265 .737 .60 .0556 .2575 .7153 .745 
.65 .0448 .1631 .3860 .739 .65 .0526 .1915 .4533 .759 
.70 .0407 .1187 .2123 .714 .70 .0492 .1435 .2929 .755 
.75 .0364 .0863 .1534 .641 .75 .0453 .1074 .1909 .728 
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Table VIII—Continued. 
PROPELLER NO. 123. PROPELLER NO. 127. 

V 
ND Ci ct c3 Efficiency. 

0.20 0.0625 7.814 195.4 0.357 
.25 .0627 4. 013 64.22 .431 
.30 .0628 2.326 25.84 .499 
.35 .0628 1.465 11.96 .554 
.40 .0625 .9766 6.104 .606 
.45 .0622 .6827 3.372 .652 
.50 .0615 .4921 1.968 .693 
.55 .0604 .3630 1.200 .725 
.60 .0585 .2708 .7524 .744 
.65 .0554 .2017 .4774 .756 
.70 .0514 .1498 .3057 .755 
.75 .0469 .1112 .1977 .736 
.80 .0417 .0815 .1273 .696 

V 
ND Ci C2 Ci Efficiency. 

0.20 0.0401 5. 013 125.3 0.430 
.25 .0395 2.528 40.45 .494 
.30 .0385 1.426 15.84 .548 
.35 .0368 .8584 7. 008 .592 
.40 .0346 .5406 3.379 .627 
.45 .0320 .3512 1.735 .644 
.50 .0291 .2328 .9312 .624 
.55 .0261 .1569 .5186 .560 

PROPELLER NO. 128. PROPELLER NO. 129. 

0.20 0.0632 7.900 197.5 0.403 
.25 .0630 4.032 64.52 .473 
.30 .0629 2.330 25.90 .533 
.35 .0621 1.448 11.83 .586 
.40 .0611 .9548 5.968 .632 
.45 .0595 .6530 3.225 .671 
.50 .0573 .4585 1.834 .706 
.55 .0545 .3276 1.083 .731 
.60 .0511 .2366 .6573 .746 
.65 .0473 .1722 .4075 .747 
.70 .0429 .1251 .2553 .733 
.75 .0379 .0898 .1597 .690 

0.20 0.0369 4.613 115.3 0.440 
.25 .0358 2.291 36.66 .508 
.30 .0346 1. 281 14. 24 .562 
.35 .0329 .7674 6.265 .598 
.40 .0308 .4812 3.007 .615 
.45 .0287 .3150 1.556 .606 
.50 .0264 .2112 .8448 .563 

PROPELLER NO. 130. PROPELLER NO. 131. 

0.20 0.0828 10.35 258.8 0.355 
.25 .0840 5.377 86.04 .421 
.30 .0855 3.166 35.18 .480 
.35 .0873 2.036 16.62 .532 
.40 .0880 1.375 8.595 .581 
.45 .0878 .9637 4.760 .626 
.50 .0866 .6929 2.772 .668 
.55 .0845 .5079 1.679 .705 
.60 .0817 .3782 1.050 .740 
.65 .0783 .2851 .6748 .768 
.70 .0741 .2161 .4410 .789 
.75 .0692 .1640 .2915 .798 
.80 .0639 .1248 .1950 .800 
.85 .0582 .0948 .1312 .791 
.90 .0523 .0717 .0885 .772 
.95 .0462 .0539 .0597 .730 

0.20 0.0600 7.500 187.5 0.402 
.25 .0596 3. 815 61.04 .474 
.30 .0590 2.185 24.28 .532 
.35 .0582 1. 358 11.09 .583 
.40 .0573 .8953 5.596 .629 
.45 .0559 .6135 3.030 .667 
.50 .0539 .4312 1.725 .696 
.55 .0515 .3095 1.023 .718 
.60 .0481 .2227 .6186 .724 
.65 .0441 .1606 .3801 .710 
.70 .0392 .1143 .2333 .669 

PROPELLER NO. 132. PROPELLER NO. 133. 

0.25 0.1038 6.642 106.3 0.349 
.30 .1047 3.877 43.08 .410 
.35 .1060 2.472 20.18 .467 
.40 .1075 1.680 10.50 .521 
.45 .1093 1.200 5.926 .573 
.50 .1107 .8856 3.543 .619 
.55 .1117 .6713 2.219 .660 
.60 .1119 .5181 1.439 .695 
.65 .1110 .4043 .9570 .724 
.70 .1093 .3187 .6505 .750 
.75 .1067 .2529 .4496 .773 
.80 .1037 .2026 .3166 .789 
.85 .1000 .1628 .2253 .804 
.90 .0955 .1310 .1617 .810 
.95 .0902 .1052 .1166 .810 

1.00 .0841 .0841 .0841 .808 
1.05 .0774 .0669 .0607 .801 
1.10 .0702 .0527 .0436 .782 
1.15 .0626 .0412 .0311 .747 

0.20 0.0822 10.27 256.9 0.364 
.25 .0838 5.364 85.85 .431 
.30 .0859 3.181 35. 34 .493 
.35 .0874 2.039 16.65 .547 
.40 .0881 1.376 8. 600 .595 
.45 .0881 .9670 4.776 .637 
.50 .0870 .6961 2.784 .672 
.55 .0848 .5097 1.685 .705 
.60 .0818 .3787 1.052 .734 
.65 .0780 .2841 .6723 .759 
.70 .0737 .2149 .4386 .776 
.75 .0687 .1628 .2894 .786 
.80 .0633 .1237 .1933 .788 
.85 .0575 .0936 .1296 .780 
.90 .0513 .0704 .0869 .756 
.95 .0449 .0524 .0581 .706 
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Table VIII—Continued. 
PROPELLER NO. 134. PROPELLER NO. 135. 

V 
ND 

Cl c2 c3 Efficiency. 

0.25 0.1030 6.592 105.5 0.370 
.30 .1043 3.863 42.92 .432 
.35 .1062 2.477 20.22 .488 
.40 .1085 1.695 10.60 .539 
.45 .1105 1.213 5.990 .583 
.50 .1121 .8969 3.588 .625 
.55 .1130 .6792 2.245 .661 
.CO .1132 .5241 1.456 .695 
.65 .1127 .4104 .9712 .721 
.70 .1114 .3248 .6629 .746 
.75 .1091 .2586 .4597 .767 
.80 .1060 .2070 .3235 .784 
.85 .1021 .1663 .2302 .797 
.90 .0974 .1336 .1650 .805 
.95 .0921 .1074 .1190 .810 

1.00 . 0865 .0865 .0865 .810 
1.05 .0806 .0696 .0632 .806 
1.10 .0745 .0560 .0463 .796 
1.15 .0681 .0448 .0339 .772 

V 
ND 

C! C2 c3 Efficiency. 

0.25 0.1019 
.30 ’ .1032 
.35 .1050 
.40 .1074 
.45 .1101 
.50 .1122 
.55 .1130 
.60 .1129 
.65 .1118 
.70 .1098 
.75 .1070 
.80 .1031 
.85 .0987 
.90 .0936 
.95 .0877 

1.00 .0811 
1.05 .0742 
1.10 .0669 
1.15 .0590 

C. 521 
3.823 
2.450 
1.678 
1.208 
.8977 
.6792 
.5227 
.4072 
.3202 
.2536 
.2014 
.1607 
.1284 
.1023 
.0811 
.0641 
.0503 
.0388 

104.3 
42.48 
20.00 
10.49 
5.966 
3.591 
2.245 
1.452 
.9638 
.6535 
.4509 
.3147 
.2224 
.1585 
.1134 
.0811 
.0581 
.0416 
.0293 

0.380 
.439 
.493 
.543 
.587 
.624 
.660 
.691 
.720 
.744 
.767 
.784 
.799 
.810 
.815 
.815 
.807 
.785 
.741 

PROPELLER NO. 136. PROPELLER NO. 137. 

0.25 0.1266 8.103 129.7 0.289 0. 25 0.1210 7.744 123.9 0.301 
.30 .1268 4.697 52.18 .345 .30 . 1214 4.497 49.97 .360 
.35 .1272 2.967 24.22 .400 .35 . 1221 2.848 23.25 .417 
.40 .1278 1.997 12.48 .454 .40 .1234 1.928 12.05 .474 
.45 .1287 1.413 6.978 .506 .45 .1251 1.373 6.780 .527 
.50 .1299 1.039 4.156 .553 .50 .1274 1.019 4.076 .575 
.55 .1316 .7910 2.615 .597 .55 .1302 .7826 2.587 .616 
.00 .1341 .6209 1.725 .640 .60 .1334 .6176 1.715 .654 
.65 .1367 .4978 1.178 .677 .65 .1360 .4952 1.172 .687 
.70 .1394 .4065 .8296 .710 .70 .1378 .4018 .8200 .715 
.75 .1412 .3348 .5952 .737 .75 .1390 .3295 .5858 .739 
.80 .1416 .2766 .4322 .759 .80 .1390 .2715 .4242 .760 
.85 .1403 .2285 .3163 • .778 .85 .1380 .2247 .3110 .780 
.90 . 1380 .1893 . 2337 .794 .90 .1360 .1865 .2303 .795 
.95 . 1340 .1570 .1740 .805 .95 .1327 .1548 .1715 .807 

1.00 .1303 .1303 . 1303 .815 1.00 .1284 .1284 .1284 .815 
1.05 .1250 .1080 .0980 .820 1.05 .1230 .1063 .0964 .822 
1.10 .1191 .0895 .0740 .824 1.10 .1168 .0877 .0725 .824 
1.15 .1123 .0738 .0558 .825 1.15 .1100 .0723 .0547 .821 
1.20 .1046 .0605 .0420 .821 1.20 .1029 .0595 .0413 .814 
1.25 .0966 .0495 .0317 .810 1.25 .0950 .0486 .0311 .801 
1.30 .0881 .0401 . 0237 .790 1.30 .0870 .0396 .0234 .785 
1.35 .0797 „ .0324 .0178 .762 1.35 .0785 .0319 .0175 .762 

PROPELLER NO. 138. PROPELLER NO. 139. 

0.25 0.1266 8.103 129.6 0.317 
.30 .1280 4.740 52.67 .372 
.35 .1296 3.023 24.68 .426 
.40 .1320 2.063 12.90 .478 
.45 .1345 1.476 7.290 .525 
.50 .1375 1.100 4.400 .569 
.55 .1407 .8457 2.796 .607 
.60 .1430 .6620 1.839 .645 
.65 .1447 .5269 1.247 .679 
.70 .1453 .4237 .8648 .707 
.75 .1448 .3433 . 6103 .733 
.80 .1431 .2795 .4367 .757 
.85 .1407 .2291 .3171 .776 
.90 .1373 .1883 .2325 .791 
.95 .1330 .1551 .1718 .803 

1.00 .1282 .1282 .1282 .813 
1.05 .1229 .1062 .0963 .821 
1.10 .1170 .0879 .0727 .826 
1.15 .1105 .0727 .0550 .827 
1.20 .1037 .0600 .0417 .824 
1.25 .0961 .0492 .0315 .817 
1.30 .0882 .0402 .0238 .804 
1.35 .0800 .0325 .0178 .784 

0.15 0.0249 7.38 328.0 0.385 
.20 .0247 3.088 77.20 .469 
.25 .0241 1.542 24.68 .517 
.30 .0234 .8667 9.630 .522 
.35 .0225 .5248 4.285 .490 
.40 .0214 .3343 2.090 .415 

PROPELLER NO. 144. 

0.15 0.0234 6.932 308.0 0.395 
.20 .0226 2.825 7 0.62 .461 
.25 .0216 1.382 22.12 .488 
.30 .0201 .7446 8.271 .470 
.35 .0183 .4269 3.486 .399 
.40 .0161 .2515 1.573 .244 

PROPELLER NO. 145. PROPELLER NO. 146. 

0.15 0.0262 7.763 345.0 0.37 0.15 0.0258 7.645 339.8 0.382 
.20 .0261 3.263 81.58 .448 .20 .0245 3.063 76.58 .451 
.25 .0258 1.651 26.42 .491 .25 .0230 1.472 23.55 .493 
.30 .0253 .9372 10.41 .501 .30 .0211 .7816 8.685 .491 
.35 .0243 .5668 4.627 .47 .35 .0193 .4502 3.675 .422 
.40 .0231 .3610 2.256 .40 .40 .0170 .2656 1.660 .284 
.45 .0218 .2392 1.182 .276 

53006—23-14 
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Fig. 23. 
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Fig. 27. 
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Fig. 34. 
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Fig. 35. 

2
1
G
 

R
E

P
O

R
T
 

N
A

T
IO

N
A

L
 

A
D

V
IS

O
R

Y
 

C
O

M
M

IT
T

E
E
 

F
O

R
 

A
E

R
O

N
A

U
T

IC
S

. 



C
O

E
F

F
IC

IE
N

T
 (

S
E

E
 T

E
X

T
 S

E
C

. 
II
 )

 

E
X

P
E

R
IM

E
N

T
A

L
 

R
E

S
E

A
R

C
H
 

O
N
 

A
IR
 

P
R

O
P

E
L

L
E

R
S

, 
V

. 
217 



4 

R
E

P
O

R
T
 

N
A

T
IO

N
A

L
 

A
D

V
IS

O
R

Y
 

C
O

M
M

IT
T

E
E
 

F
O

R
 

A
E

R
O

N
A

U
T

IC
S

. 



E
X

P
E

R
IM

E
N

T
A

L
 

R
E

S
E

A
R

C
H
 

O
N
 

A
IR
 

P
R

O
P

E
L

L
E

R
S

, 
Y

. 
2
1
9

 



Fig. 39. 
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Fig. 41. 
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Fig. 43. 
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Fig. 50. 
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GENERAL THEORY OF THIN WING SECTIONS. 

By M4.X M. Munk. 

RESUME. 

The following paper contains a new, simple method of calculating the air forces to which 

thin wings are subjected at small angles of attack, if their curvature is not too great. Two 

simple integrals are the result. They contain only the coordinates of the wing section. The 

first integral gives the angle of attack at which the lift of the wing is zero, the second integral 

gives the moment experienced by the wing when its angle is zero. The two constants thus 

obtained are sufficient to determine the lift and moment for any other angle of attack. This 

refers primarily to a two-dimensional flow in a nonviscous fluid. However, in combination 

with the theory of the aerodynamical induction, and with our empirical knowledge of the 

drag due to friction, the results are valuable for actual wings also. A particular result obtained 

is the calculation of the elevator effect. The following is an outline of the subject as treated 
in this report: 

I. Introduction. 

II. Calculation of the elevator effect. 

III. General formula for any section. 

IV. Examples of the zero angle. 

V. Thin sections with upper and lower boundaries. 

VI. The moment coefficient. 

VII. Examples of the moment coefficient. 

VIII. Table of the sections investigated. 

I. INTRODUCTION. 

By changing the angle between the stabilizer and the elevator the wing section formed 

by the combination of stabilizer and elevator is altered, and this alteration gives rise to new 

aerodynamical forces. It is useful to discuss this phenomenon from the theoretical point of 

view, however imperfect the result may be as a consequence of neglecting the viscosity of the 

air. A theoretical investigation at least gives the limit of what to expect. It enables the 

investigator to survey and keep in mind a great number of isolated experiences, whether the 

agreement between theory and experience be more or less close. It induces him to reflect on 

the phenomenon and thus becomes a source of progress by guiding him to new observations 

and experiments. It has often occurred even that some relation was thought to be confirmed 

by experience till the progress of theory made the relation improbable. And only then the 

experiments confirmed the improved relation, contrary to what they were supposed to do 

before. A very conspicuous example of this is the discovery of differences in the atomic weight 

of certain elements. But is it really necessary to plead for the usefulness of theoretical work ? 

This is nothing but systematical thinking and is not useless as sometimes supposed, but the 

difficulty of theoretical investigation makes many people dislike it. 

In this first section I wish to give a short summary of the theory which I am going later 

to apply and to expand. This theory deals with the relation between the shape of a wing 

section and the air forces applied to it by a nonviscous fluid. Only the two-dimensional prob- 
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lem is considered. The theory thus forms the completion of the theory of the induced drag, 

in which latter the three-dimensional arrangement of the wings and the lift produced by them 

alone is considered, without paying attention to the details of producing the lift. The value 

of the induced drag and the effective angle of attack of every part of the wings result from 

the calculation. The theory of the wing section, however, gives no drag at all, for the drag 

additional to the induced drag is due to viscosity. Nor does the theory of the wing section 

give the true value of the maximum lift. It can be stated, therefore, that the theory of the 

wing section in its present state gives no indication whatsoever of the practical value of the 

wing investigated. Still there remain three important pieces of information which can be 

derived from the theory, all more or less agreeing with the real phenomenon. These are the 

relation between the angle of attack and the lift, in particular the angle of attack for zero lift, 

the travel of the center of pressure, and the distribution of pressure. It has to be kept in mind 

that the angle of attack thus calculated for a particular lift coefficient is not yet the true angle 

of attack of a finite wing. The induced angle of attack has to be added. 

We are indebted for the theory of the wing section to Kutta. He showed how the method 

of the two-dimensional potential can be used to calculate the flow around wing sections and 

hence to deduce the resulting air forces. He confined himself to the straight line and simple 

circular segments. His idea is to pick out among the multitude of possible potential flows 

that particular one around the wing section, which at great distance degenerates into parallel 

flow and which leaves the wing section at the rear edge. His results are simple and important. 

The direction of the air flow in the case of zero lift of a circular segment of small curvature is 

parallel to the line dividing into equal parts the angle between the chord and the tangent at 

the rear end. The lift is proportional to the sine of the angle of attack. The slope of the curve 

of the lift coefficient plotted against the angle of attack is almost independent of the shape and 

is 27r (the angle being measured in arc and the lift coefficient being formed by dividing the 

lift per unit of area by the dynamical pressure). That is, for small lift: 

L = 2tt S sin at V^ 

Joukowsky extended the theory, and investigated sections which at their rear end almost 

coincide with a circular segment, having there a common tangent for the upper and lower 

side. The entire form is generated from the circle, a circular segment forming as it were the 

skeleton of a Joukowsky section. Considering the connecting line between the rear edge and 

a pole near the center of curvature of the leading edge as the theoretical chord, the rule for the 

direction of zero lift remains as before. The slope of the lift curve is hardly changed; the lift 

is proportional to the sine of the angles as before. 

Karman replaced the circular segment in the Joukowsky section by one formed by two 

circular segments. This is already mentioned in the second paper of Kutta. These sections 

have two different tangents at the rear end, and the line which divides the rear angle into two 

equal parts determines the direction of zero lift together with the theoretical chord as before. 

The law for the lift is the same again as for the circular segments of Kutta. Mises discusses 

in a general way how to obtain even more general sections and proves some general theorems 

concerning them. The most important is the theorem that the slope of the lift curve plotted as 

before is never smaller than 2tt, and is always exactly 2n if the section is thin and the curvature 

small. So far it can be stated that only sections are investigated, the medial line of which is a 

circular segment. If the section is only moderately thick and if the curvature is moderate, too, 

the lift agrees with that of the segment according to the law found by Kutta. 

II. CALCULATION OF THE ELEVATOR EFFECT. 

In this paper I intend to investigate any thin section of small curvature at small angles of 

attack. It is necessary to discuss first more closely the method used by Kutta for the calculation 

of the lift of a wing section. He starts with an entire circle, and considers the potential flow 
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around it, which was well known before him. It can be obtained by superposition of the sym¬ 

metrical flow around the circle and a vortex in the center of the circle. By changing the strength 

of the vortex the point where the flow leaves the circle can be chosen at will for any given direc¬ 

tion of the flow at a great distance. The lift produced by the flow is proportional to the product 

of the velocity at a great distance and the strength of the vortex. It is not essential for the 

calculation that the described flow never really occurs; it is only a means of calculation. Kutta 

transforms now the plane in such a way that it remains unaltered at a great distance from the 

circle. The circle itself, however, is transformed into a new curve, the wing section to be investi¬ 

gated. The transformation has to be of that kind which is called isogonal and leaves in general all 

angles unaltered. It is well known that each analytical function gives such a transformation, the 

plane represented by complex numbers. The rear edge of the new section corresponds to one 

particular point of the circle. After having found this point it is only necessary to determine 

the lift of that flow around the circle that leaves the circle at that particular point and at a 

great distance has the same magnitude and direction as the flow around the section investigated. 

This lift equals the lift experienced by the section. 

The simplest case, the one, moreover, which I need in the following development, is the 

straight line. The transformation of the circle with the radius 1 and its center coinciding 

with the origin of the system of coordinates into the straight line connecting the two points 

$*=-2 and f= + 2 is expressed by the analytical function 

(i) r=*+i 

For large values of z the function degenerates into l=z and hence leaves the plane unal¬ 

tered at a great distance. The rear edge of the straight line f= + 2 corresponds to the point 

z=+l of the circle. Each point of the straight line corresponds to those two points of the 

circle which have half the abscissa. It is known now that the lift of the circle for the flow which 

leaves it at the point z- +1 and whose direction at a great distance has the angle a with the 

real axis is 

8 ir V2^ sin a 

for the unit length of the cylinder. More generally the lift is r times as great if r is the radius 

instead of 1. The lift of the straight line, or the rectangular plate represented by it, is the 

same, and the lift coefficient therefore, since the chord has the length 4, is 2t sin a. 

It is not necessary for the following development to enter into the details of the flow around 

Kutta segments, or Joukowsky and Karman sections. I at once proceed to the subject of this 

paper. In his paper Karman speaks of the possibility of finding the transformation for any 

section approximately, if this section differs but slightly from another section the transforma¬ 

tion of which is known. He gives also the formulas for the approximation, but he does not 

prove them. I proceed to apply a method obviously similar to that of Karman. The formulas 

I obtain, however, do not agree with those given by him. I am going to study the effect of an 

infinitesimal change of a section, and I chose as the original section the straight line. I begin 

with the investigation of a broken line, the two portions of which form almost 180°. This 

broken line represents a tail plane, the elevator being slightly turned from the mean position. 

The length of the tail plane is 4, the two ends coincide with the ends of the original straight 

line at the points f=±2. This is necessary, the function of transformation being unsteady in 

these two points. The lift produced by the small change of the shape is small, too, of course, 

but the ratio of the effect to the change which causes it is finite and can be calculated. 

53006—23-17 
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Imagine the straight line and the circle drawn in Figure 1 and above the straight line the 

new section consisting of two straight lines. The ordinates of the new section may be called 

£ and the abscissae x. If yx and y2 denote the ordinates of the intersection points of the two 

lines of the new section with the imaginary axis, we have: 

. 2-x 
H/2 ~2~ 

. 2 + x 
£~2/i o 

for the one part and 

for the other. 

I try now to find the curve in the neighborhood of the circle which corresponds to the new 

section according to the transformation: 

(1) r=s+- 

The derivative of f with reference to z is: 

(2) dz z2 

Introducing the angle <p between the real axis and the radius at each point of the circle, the 

points of the circle are represented by— 

(3) z = 

and (2) can be written— 

(4) 

Jy. 
= l — g-2iv = 2 sin <p i e~i,p 

d$ is the change of the originally straight tail plane and equals i £, that is to say is: 

(5) d{ = iy2 (1-cos <p) 
on the right side of the hinge and 

(6) d$=iyt (1 + cos <p) 

on the left side of it, the positive real axis being supposed to be drawn toward the right from 

the hinge. 

At the hinge (5) and (6) agree, the angle corresponding to the abcissa of the hinge being 

denoted by <px, it follows therefore that— 

y2 (1 - cos <p0) =yl(l + cos <p0) 

(7) 
1 COS ipn 
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By substituting (5) resp. (6) in (4) I obtain 

d$ iy2(l-cos<p) 
(8) dz = (1 +cos tp) 

1 _ e-2<pi 1 _ e-2<pi reSP- 'l Vl 1_ e-2vi 

and the radial small distance of the new curve from the original circle is 

(9) -1^=! tan | between,^- 

(10) Vi 1 + cos <p yl <p + ipn 
V = 9 —tz.-»= o cot £ between <p= ™ z sin ip z z — (p0 

The problem is now to transform the original circle z = e*i into the curve e*1 (1+??) so that the 
value at infinity remains unaltered. 

For the present it is not necessary really to perform this transformation; it is sufficient 
to imagine the transformation performed approximately by the function: 

(11) A= (1 I ai _L a2 [_ g3 I 

Z Z y ' Z * ' 7^3 ~r 

where the a s are coefficients to be determined properly. This transformation indeed leaves 

the plane at infinity unaltered. It is exact if 77 approaches zero. For the coefficients are 

imagined to be determined by the following method. Let 77 be developed in a Fourier’s series 
between 0 and 2r. 

(12) C0S <P + -/^2 C0S 2^ + ^-3 C0S 3ip+ + 
77 2 " ° + B1 sin <p + B2 sin 2<p + B3 sin 3<p+ + 

As is well known, the coefficients A and B are the integrals: 

2tt 

(13) 

An = 77 cos n ip dip 

2w 

Bn = 77 sin n ip d ip 

If, as in this case, the section has no thickness, the coefficients A are all identically zero. 
The coefficients a in (11) may be formed according to the equations: 

<Zi — — (A\ + i B1) 

Gfn = (An -4- x Bn) 

This transformation does not give the desired transformation exactly. The point of the circle 
z = evl is transformed into the point. 

— ~A cos lP~Bl sin ip — A2 cos 2tp — B2 sin 2<p-| 

\ + i{Al2<p — Bl cos ip-\-A2 sin 2p — B2 cos 2ip-\—J 

(14) =e_*5l[l — 77+ ^ (Al sin <p+A2 sin 2<pA) — i (Bt cos p + B2 cos 2$ + )} 

V being supposed to be very small, ~=e~^ (1 -77), the value desired. Hence the point repre¬ 

sented by (14) does not exactly coincide with the new curve in the neighborhood of the circle 

but differs from it by the last two brackets of (14). The difference is, however, small when 

compare with 77. For the additional vector is parallel to the circle, so is approximately the 

77-curve. The end of the vector 2 is therefore situated almost at the curve, but for a different 

ra ms vector than that of the original point of the circle 2. (14) can be considered as the 
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desired function of transformation. Since for 0 = 0, 77 = 0, the curve which by the transforma¬ 

tion f = 2+1 is transformed into the modified tail surface coincides with the circumference of 
J 2 

the original circle at its two ends. The problem then is to see by how much the point of the circle 

2=1 at the end of the diameter is displaced by the transformation (1). This maybe calculated 

easily, as will be shown. When deduced it will give the value of the additional vector, which 

we may assume can be used for other points in the neighborhood, too, because it is a continuous 

quantity. So, the point of the circle corresponding to 0 = 0 for the transformed curve is dis¬ 

placed an amount equal and opposite to this. 
The position eVii of the point of the new curve corresponding to the point 2=1 of the circle 

is found by using equation (14) and substituting 0 = 0. v is zero at that point, the changed 

section coinciding at the ends with the original section. All sines are zero and there remains: 

(15) e-*i=l-i(B1+B3+Bs+ + • • • • 

The right-hand side of (15) is approximately equal to e-(*i+£*+) Hence 

(16) <Pi =Bl +B2 +B3 + + • • • ■ 

It would be possible to determine the B’s and to find the value of 0t by adding them. 

This procedure, however, can be simplified. By going back to equation (13), (16) can be written: 

(17) 

Z7T 

(sin (p-f-sin 2^ + sin 3<p + +) dap. 

The bracket in (17) is formally the development of cot § <p in a Fourier’s series, though 

indeed this series is not convergent. For 

(18) 

7T 

IS <P 
2^; | cot ~ sin n <p d ip 

7r 

-Jl 
27rj si 

cos <p!2 „ . 0 0 sin n<p 7 
—-7s 2 sin „ cos k --dip 
sin ipj2 2 2 sin 

7r 

= 2^ |*(cos,+ l)[(2 cos(ft — 1) 0 + 2 cos (ft — 3)<p + + Jd<pifft is 

odd. 
or 

= ^:J*(cos,+ l)[ (2 cos (ft — 1) 0 + 2 cos (ft — 3) 0 + + + ljd<? 

if n is even. 

This transformation of Sm n<? results the most simply if we go back to the equation 
SUl 0 

and divide this by 

sin ft<p=^ (en<pi— e~nvl) 

sin <P=21 (e<pi ~ ) 

e (n-l) <pi g(n-3) <p\ _(_ g (n-5) </>\ + 
The result 

is identical with 

2 cos (ft—1) 0 + 2 cos (ft— 3) 0+ + +1 if ft is even. 

In both cases, whether n be odd or even, (18) equals And although the bracket in (17) is 

not convergent, the integral (17) is convergent in general and can be written 
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(17) represented as we remember the angle of the radius vector through the point of the curve 

corresponding to the point 2=1, <p = 0 of the circle. According to what has been said, the 

point of the circle corresponding to point <p = 0 of the curve has the radius vector 

(20) «0 = 

2 T 

cot | d<f 

0 

I have thus obtained the point of the circle corresponding to the rear edge of the curve 

investigated. The lift of the section equals the lift of the circle provided that the potential 

flow leaves it at the point determinated. The lift is zero, in particular if the circulation vanishes 

and the fluid flows symmetrically around the circle. It is easy to see that in that case the velocity 

at infinity is parallel to the radius vector of the point determined. Hence it appears that the 

a0 just found is the angle of attack for the section investigated necessary for zero lift, i. e. 

is the “angle of zero lift.” 

I at once proceed to calculate this integral for the present problem. t\ has to be substi¬ 

tuted from equation (10) and (11). Hence the integral for <x0 consists of two parts: 

(21) 

The solution is 

— <£6 

df’+'LJ 2 COt2 ldv 
+ V0 

(22) -«o 
J_ Va 
2 TV 2 

2 

+V0 

. (p 
cot 2 + <P , JL Vi 

' 2tt 2 
— V’O 

Substituting (7) for yx I obtain finally 

+ V0 

<p 

— <P0 

(23) 
-«0 2ir 

tan + 
2<Po 

1 -f- COS <p0 
tv (1 COS ^>0\ 

1 + COS v?o / 

For positive yx, that is, for the elevator bent down, a0 is negative. The flow around the circle 

being horizontal at a great distance leaves the circle below the horizontal axis. Such an ele¬ 

vator with the line of connection of the two ends of the whole tail plane horizontal experiences 

a positive lift therefore according to the result of the development. 

At the same time the stabilizer is no longer horizontal and there remains an elementary 

calculation in order to obtain the effect of the elevator separately. This is especially simple if ele¬ 

vator and stabilizer are equal and hence ^>0 = 90°. Then (23) gives — — • The angle between 

stabilizer and elevator is yx (the length of the whole tail plane being 4) and the angle of attack 

of the stabilizer is —\yx. The positive turning of the elevator not only neutralizes the effect 

of the negative angle of attack of the stabilizer, but there is also the effect of the angle of attack 

yJiV' in addition. Hence the whole effect is yx (£ + I/71-) and per unit of angle of elevator to stabilizer 
divided by the ratio of the elevator to the whole tail plane it is: 

I or other positions of the hinge the ratio of the length of the elevator to that of the tail plane 
is \ (1 —cos (p0), the angle between stabilizer and elevator is: 

/ 1 — cos <p0 1\ 
^\2 (I + cos (p0) +2j 

and the angle of attack of the stabilizer is 

yx (1-cos <p0) 

2 (1 +cos <p0) 
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Let Kbe the coefficient which gives the effect of the elevator turning according to the equation: 

a effective= 
E 

E+S 
Ki3 

a. effective is the angle of attack of the whole, undeformed tail plane which has the same effect 

as the turning of the elevator by the angle j8; E denotes the chord of the elevator and S the 

chord of the stabilizer. Then K is 
, 1 — COS <p0 

K==_a° + Vl 2(l + cos<p0) 
1 A \ / l-cos <p0 , 1\ 

2 V1 C°S *7 Vl \2 (1 + cos <p0) 2) 

Substituting a0 from equation (20), this can be written 

j£_ 2 <Po + sin <p0 
7T 1 — COS (p0 

E E 
In Figure 2 the coefficient obtained is plotted against the elevator ratio If the 

tail plane consists only of the elevator the coefficient of course is 1 and the calculation gives 

O ./ .8 .3 .4 .5 .6 .7 .8 .3 iO 
e/t-- 

Fig. 2. Elevator effect “ K” plotted against elevator/tail plane. 

this. The tests with flat tail plane models show considerably smaller values of K, about 1.3. 

The entirely flat section is aerodynamically so bad that 40 per cent of the elevator effect is 

lost. A test with a better shaped section, however, gave K= 1.7, which agrees better with the 

result of the theoretical calculation. 

III. GENERAL FORMULA FOR ANY SECTION. 

The previous calculation of the angle of attack for zero lift shows that this angle is obtained 

by integrating an expression which contains the coordinates of the central curve of the section 

investigated as a factor. Hence the angle for zero lift is a linear function of the coordinates, 

and the law of superposition holds true. That is to say, the zero angle of any section is the 

sum of the zero angles of any other sections if the coordinates of the first sections are also the 

sum of the coordinates of the other sections at each point. The result of the previous calcu¬ 

lation hence holds true for thin tail planes also, the central curve of which originally was not a 

straight line but was slightly curved in any way. And the result can be used also for the cal¬ 

culation of the effect of two elevators in front and at the end of the stabilizer turned by any 

E 
small angle. If denotes the ratio of the front elevator of the entire tail plane, the factor K' 

is to be taken from Figure 2 for j, = ^l — and the factor of the front tail plane then is 

rji_jgf 

Kl = K'~ET-1* This results by superposition of the two tail planes, each with one hinge only. 
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By increasing the number of the hinges, at last every shape of the section can be obtained. 

It is more convenient, however, to go back to the second term of equation (21), which repre¬ 

sents the part of the zero angle due to the stabilizer. Imagine any curve to be composed of a 

zigzag line, consisting of an infinite number of pieces of radii vectors originating in the leading 

edge of the section and of connecting short vertical lines. (Fig. 3.) These vertical lines do 

Fig. 3. Zig-zag line replacing the curve of section. 

not furnish a contribution to the integral of the zero angle; and this integral is obtained by 
substituting in 

2 7r 

(21a) 
^7T 

"o 

2 7T 

~a°^2T f^2d(p 

the value of y2 for each point. This is, if £ denotes the ordinate of the section 

(24) 

hence 

(25) 

2/2=1-3- 
y 1 — COS (P 

2 7T 

1 f£ 1 , 

a° 2tt J 2 1- cos cpd<p 

Eliminating finally the angle <p and introducing instead of it the position x of the point of the 
chord, x = ±2 being the ends of the chord, 

cos <p = gX 

7 _ 1 dx 1 dx 

d<p~ “2sm^=~2 

I obtain 

(26) 

[>-?]* 
+ 2 

«o=4? 
dx 

-2 

or, for the length 2 of the chord, 

m --4 

%dx 

-1 
(1 — x) -yjl — x2 

l 

In the general case that the length of the chord is t the angle i 

4 

(27a) „___4 T &x 

is 

“° t2 7T (■vw-m 
The integral (27a) is the essential result of the previous development. The problem I am 

t ea mg with is the calculation of the theoretical lift of a line-shaped section of small curvature. 
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For this calculation I first deduce the angle of attack which gives the lift zero. I choose the 

scale so that the chord is 2. On this curve with the ordinates £ from the chord and the rear 

edge at the point x= 1 of the chord, the other end having the abcissa x = -1,1 apply the integral 

(27). The angle of zero lift toward the chord results. Omitting for the moment the induced 

angle of attack, the theoretical lift is then 

L = 2 7r F2| sin (a — a0) S 

It is exact enough to replace the sine by the angle. Introducing now the induced angle of 

attack 

a,- = ——— 57.3 in degrees. 
7T&2 F2| 

while h is the span of the monoplane, the angle of attack corresponding to any lift is 

a 

57.3° 2 x 

T 

£dx_1 L 1_L_ 
27r£F2P 

IV. EXAMPLES OF THE ZERO ANGLE. 

In this part I proceed to calculate some examples of the zero angle. It is sufficient to 

calculate some typical curves; any more complicated one can be created by superposing of 

these. 

(a) The section may be represented by the curve 

£ = y( l-x2) 

where y is a small quantity and denotes the greatest ordinate. This curve is typical of simple 

symmetrical arcs, like a circular segment of practically constant curvature. The integral (27) 

is now 

« n -kf< -1 

1 — x2 

(1 -f x) -yjl — X 
.dx 

a0 = — - arc. sin x + Vl — £2 
7r | 

-l 

«o= -y- 

The angle between the tangent at the rear edge and the chord is —2y. In accordance with 

the results of Kutta, Joukowsky, and Karman the direction of the zero flow is that of the line 

which divides into two equal halves the angle between the rear tangent and the chord. 

(6) The example of the section consisting of two equal straight lines is contained in the 

second part of this paper. This section lies above the preceding at all points if the end tangents 

coincide and it is to be expected therefore that the zero angle is greater. It was found to be 
2 
- of the rear angle between the elevator and the chord. 
7T ° 
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(c) Unsymmetrical sections consisting of two or three straight lines are contained in 

section II of this paper. 
(,d) A continual unsymmetrical curve can be obtained for instance by the expression 

£ = y(l+x)n(l — x)m 

For m = n= 1 the segment discussed first results. The zero angle is 

+ 1 

a0 = — ^J (1 + x) n-i (1 — x)m~z!2dx 
-1 

The integration is especially simple if m = 3/2. Then I obtain 

+i 

a0= — (l—x)n-idx 

-l . 

the integral is 

V 
an = — - 

(1 — x) 
+i 

n + 

and the angle has the value 
-i 

«o= -- 
7T 

y 2n+* 

n + 2 

n~o 
The maximum of the section has the abscissa-_, or, otherwise expressed, its distance from 

»+§ 

^2/71/ 

the leading edge is 2^+~s chord. For the symmetrical case n = 3/2 the angle results 

2 
«0= -y 7r 

For 7i=2.o the maximum is at 5/8 of the chord. The angle results - ^ |. The maximal height 

is 1.14 y. 

(e) A section with a positive and negative curvature is 

+ 1 

the zero angle is a0 = - ^ j 3 /_“1:x dx 
TJ \l-x 
-l 

£ = -y( l+x)(l—x)x 

0 + 2 

(/) An example which is important in actual applications is a section which coincides with 

the chord at the front half of the chord, the second half being represented by the equation 

ij = y(l — x2)x2 
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At x = 0 the section has a horizontal tangent. The angle of the rear tangent is 2y. The zero 

angle for this section is 

a0=- 
7r 

y fr’V 1—x2 r T r’V 

J 1 
0 

+ x 
dx 

y I 1 • , 
0 = — - ^ arc sin x + 

/2 x . x2\ ,— 

V3 + 2 + 3/^1_ 

«°= _^[4 + 3^r]= ~0-46 y 

xi 

If the section is given graphically or by a table, the zero angle can be determined numeri¬ 

cally. For this numerical calculation the following table can be used: 

Table 1. 

Per cent of chord. 2.5 5 10 15 20 25 30 35 40 45 50 

Factor.-. 6. 46 2. 38 0. 841 0. 468 0.314 0.232 0.181 0.150 0.128 0.112 0.102 

Per cent of chord. 55 60 65 70 75 80 85 90 95 97.5 

Factor. 0.091 0. 085 0.081 0.078 0.076 0.078 0.082 0.093 0.120 0.054 

Determine the ordinates of the section starting at the chord. If the curve runs beneath 

the chord the ordinate must be considered negative. The chord is supposed to be divided 

into 100 per cent, 0 per cent being at the trailing edge and 100 per cent at the leading edge- 

Now multiply each ordinate for the per cents given in the first line of Table 1 by the factor 

given in the second line and add all products obtained. 

gives the angle of attack in degrees at which the lift is zero, 

course have to be measured in the same units. 

Their sum multiplied by-— 

The chord and the ordinates of 

V. THIN SECTIONS WITH UPPER AND LOWER BOUNDARIES. 

If the section has some thickness so that the upper and lower boundaries no longer coincide, 

the coefficients A in equation (13) are no longer zero. The section can be imagined to be 

created by first drawing the line of connection of all points equidistant from the upper and 

lower boundaries, which I will call the central curve of the wing section. Afterwards the 

thickness, which is supposed to be small when compared with the chord, is created by adding 

equal distances on both sides of the central curve. The coefficients B of equation (13) depend 

only on the central curve, the coefficients A only on the added thickness. The integral for 

the zero angle containing the B’s only and not the H’s, it can be supposed that the section 

with but a small thickness has the same zero angle and lift as its central line. 

However, two things are then to be considered. A0 in equation (12) is now no longer 

zero, but has a small finite value. Hence the first factor in the bracket of (14) is somewhat 

greater than 1 and hence the lift is slightly increased. It is not necessary, however, to pay 

attention to this fact. The real lift is always slightly smaller than the theoretical lift and the 

result is likely to be better if this refinement is neglected. 

Another more serious difficulty occurs at the transformed leading edge of the section. 

If the leading edge of the section is blunt, its transformation shows a picture as in Figure 4. The 

new curve is no longer approximately parallel to the circle at the leading edge, but has an 

irregularity. The assumption for the correctness of the transformation (14) holds true no 
longer. 
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This can be remedied, however, by adding area to the central curve all around the leading point. 

The corner in Figure 4 is then filled and the resulting curve is smooth again (Fig. 5). The 

integral (19) is not affected by this change, if the addition is symmetrical. The increase of 

the area of the new curve is small even when compared with the original increase. The depth 

of the small triangle is filled if the added distance in the direction of the chord is as great as 
the thickness of the section near the leading edge. Hence the rule arises to make the central 

curve of the wing section end in the center of curvature of the leading edge.1 The zero angle 

for a thin section with two boundaries is calculated as before, substituting in integral (27) 

the coordinates of the central curve from the rear edge to the center of curvature of the leading 

Fig. 4. Transformation of the head of a 
thick section. 

Fig. 5. Transformation of the head of a 
thick section, the central curve ending 
at the center of curvature. 

edge. This central curve has to be brought to the standard length 2. The lift, however, is 

to be calculated as before, with the entire chord. 

VI. THE MOMENT COEFFICIENT. 

The previous discussion can easily be completed by the calculation of the moment which 

the thin section with small curvature experiences at small angles of attack. Remembering 

that the angle of attack a is a small quantity, the velocity of the flow along the circle, frequently 
mentioned before, is 

2 V0 (sin ip — a cos ip + (cc — a0)) 

and the velocity at the corresponding points of the straight line is 

(28) v- F0(l — a Cot ip + o\ 

sin<p / 

Only the term — a cot ip contributes to the moment around the middle point 
moment for the chord 2 is 

(29) — rep a V2 
Mx 

*2F2| 
7T 

x = 0, and this 

After the variation of the chord into the section, the velocity at each point is only slightlv 

changed in general. The variation is calculated by determining the variation of the potential. 

The corresponding point of the circle has no longer the same angle <p, but the angle ip is increased 
by a small quantity which may be denoted e and is given by (14). 

(31) e = Bx cos ip + B2 cos 2ip+ + 

The variation of the potential is 
— Ax sin ip — A2 sin 2ip- 

2e F0 sin tp 

as a first approximation; and hence the variation of velocity at the points of the section is 

• ae e cos ip-1-sin <p 
- V__ 

sin ip 

fj^?qUenu fnvestigati0n shows that ifc is better t0 choose that point as eud of the central curve which divides into 
me distance between the center of curvature and the leading edge. I shall show this in a later paper 

two equal 
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The variation of the pressure is the product of density, original velocity, and variation of velocity. 

The moment is the integral of this variation of pressure, multiplied by x dx = — 4 cos <p sin p 

and therefore equals 

(32) If, 

2tt 

cos <p sin (p+e cos V y dip 

all quantities being omitted which contain the product of two small quantities. 

Now 
de Bl sin (p — 2B2 sin 2<p- 

dcp~ — Al cos cp — 2J.2**cos 2(p- 

de 
Substituting e and only the terms with B contribute to the value of the integral, and I obtain 

— M2 — 4 V2pB2ir 

B2 was determined by 
2ir 

B2 = — I p—S— sin 2<pd<p 
2 7r J 2 sin <p 

\ 
or, expressed as a function of x, 

B, 

+2 

_! f|_1 
2*J (l-x/2)i (1-*/2)t(1+*/2)J 

Substituting this, I finally obtain for the moment 

-dx 

(33) M2 = 2 Vq2p 

-2 

x %dx 

the corresponding absolute coefficient is 

if. 
+i 

StV2?2 
/ 
-i 

x%dx 

V l—x2 
for the chord = 2 

The entire moment around the middle of the section is expressed by the absolute coefficient 

which is the sum of the two obtained coefficients 

(35) 
M 

+i 

StV2% 

7T 

“2 + 
x %dx 

Vl— 

-l 

If the front and rear half of the central curve are equal, the integral in (35) is identically zero. 

The coefficient of moment then is 

7T _a_ 

This agrees with the result of Kutta for circular segments. 

For sections with different upper[and lower boundaries the central curve is to be taken 
again. 

The numerical calculation of the integral in (35) can be performed by using the next table. 
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Table 2. 
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Per cent of chord. 2.5 5 10 15 20 25 30 35 40 45 50 

Factor. 0.104 0.203 0.132 0.098 0.075 0.058 0.044 0.031 0.020 0.010 0.000 

Per cent of chord. 55 60 65 70 75 80 85 90 95 97.5 

Factor. -0.010 -0.020 -0.031 -0.044 -0.058 -0.075 -0.098 -0.132 -0.203 -0.104 

The procedure is analogue as with the calculation of the zero angle. The sum is to be mul- 
2 

tiplied by - in order to obtain the additional coefficient of moment. The calculated coefficient 

of moment has not yet the same meaning as the moment coefficient Cm ordinarily used. This 

coefficient has reference to the leading edge and not to the middle of the section. Calling the 

integral in (35) the additional moment coefficient the ordinary moment coefficient Cm 

results 

Cm = -H 
l- 

a&fo 1 
X* 

(36) Cm = 0.25 CL- |«o+0n 
Z O 

The center of pressure has the position 

)37( 
fl < — Cn- 

CP=^= 0.25-- 4- 
Ch 

VII. EXAMPLES OF THE MOMENT COEFFICIENT. 

The additional moment coefficient is different from zero for unsymmetrical sections only 
and I proceed to calculate it for the two unsymmetrical sections discussed before. 

This was first the section which in its front half was a straight line and in its rear half was 
represented by the equation 

£ = — y (1 — x2) x2 
The additional coefficient of moment Cm is 

Cn 
C(l-x2)x3 , C 

r-y] xsVi- x2 dx 

On0=y | 

Tp- 
As a second example take the S-shaped curve 

£= — y (l—x2)x 

*(1 — x2)x2 dx 

0no-~yp 
-i 

+i 

Cmo= ~y J X2-\/l — x2 dx 

°™0=-y I x(x2-qVl-^2+5 arc sin 

r + 

X 

/ 

p _ 7T 
C rr> _ y 
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The values obtained have to be substituted in formula (36) or (37). 

7T 
Equation (37) shows the center of pressure to be constant if ^ <*0 = Cmo; 

that is to say, if the moment coefficient is zero for zero lift. In most practical cases the right 

hand additional moment is too small to neutralize the moment at zero lift. The condition is 

fulfilled, however, for all sections with straight central curves, the moment to be neutralized 

being then zero too. These are not the only sections, however. 

Theoretically, every tail of a section can be modified, so that the section has no longer 

any travel of the center of pressure, by superposing on the section the section discussed last 

but one, representing a bending upward of the tail. 

A calculation shows, howeyer, that this proceeding is not effective enough if the section 

was very unstable and does not lead then to good sections. Consider, for instance, the case 

of superposing a circular segment and this curve. The section may have the equation 

£=yi (i-z2) +y2 (1—x2)x2 

at the rear half, the front half is circular as before. The zero angle of this section is, according 

to the previous calculations 
«o= ~Vi +0.64 y2 

the additional moment is 
2 

~ 15 ^2 

and the condition of constant center of pressure is 

2^1— 0.64 

It follows that 
y2 = -725 y, 

Table 3. 

Shape. Equation of shape. «o Cm 
o 

-- i=o 0 0 

-v 0 

J- £=>y( i±z) 
2 

-y-— 7T 
0 

——-~— f~y( i-x2)3/2 
2 

0 

i- /i .2.5 \l-5 
£=«/(i-x) (i+i) 

8 ,16 

£= — y(i-x2)x y 
2 

7T 
~2» 

7 
0 between—1 and 0 

£=yi2( 1—i2) between 0 and +1 
2 
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REPORT No. 143. 

ANALYSIS OF STRESSES IN GERMAN AIRPLANES. 

By Wilhelm Hoff.1 

I. INTRODUCTION. 

Airplanes were built long before the formulas of physics applying to contrivances heavier 
than air were known. New methods, not adopted by and unknown to other technical lines, 
were followed. The first inventors of airplanes thought it advisable to select materials that 
would best conform to the characteristics of birds’ wings. Feathers, bamboo rods, specially 
suitable and carefully selected timbers, high-grade steel, aluminum, and other metals were used. 
They were either connected to each other with glue, wire solder, or by welding, etc. The struc¬ 
ture thus obtained was tested and altered until a satisfactory result was secured. 

As the first designers lacked the necessary technical training in handling the new problems, 
errors and consequent failures were inevitable. This status changed, however, as soon as tech¬ 
nically trained men, knowing from experience the importance of logical and methodical devel¬ 
opment, took up the new line and applied their knowledge to the designing of airplanes. 

But there did not exist basic rules for determining the strength of airplanes, and they had to 
use, therefore, methods in calculations which would give results that would put the structure at 
least on the safe side. 

For this reason the strength of the airplane was, in the beginning, either just sufficient or 
exceedingly high, depending upon the designer’s intuition or his careful mathematical calcu¬ 
lations. 

This pioneer era in aircraft lasted in Germany until 1912. In that year the national air¬ 
craft appropriation (nationale Flugspende) supported by the general enthusiasm of the people, 
offered valuable prizes for record flights of every description. Contests were arranged, and the 
results achieved far exceeded those ever before known or expected. In the same year the Ger¬ 
man military government for the first time placed larger orders for airplanes. As a consequence, 
new airplane factories were built or existing ones enlarged in order to supply the ever-growing 
demand for airplanes. The scientific organization united April 3, 1912, in the “ Wissenschaft- 
liche Gesellschaft fur Flugtechnik” which later on changed its name to “ Wissenschaftliche 
Gesellschaft fur Luftfahrt” (WGL). In 1908 the “Modellversuchsanstalt fur Aerodynamic,” 
headed by Prof. Dr. L. Prandtl, was founded in Gottingen by the “Motorluftschiffstudien- 
gesellschaft.” It is now called “ Aerodynamische Versuchsanstalt” (AeVA). Toward the end 
of 1912 another testing institution was founded under the name of ‘‘ Deutsche Versuchsanstalt 
fur Luftfahrt” in Adlershof (DVL), which was headed by Prof. Dr. Ing. F. Bendemann. This 
institute arranged and carried out as its first great task during the winter 1912-13 the contest 
for the Emperor’s prize for the best German aircraft engine, and then took up the solution of all 
technical questions concerning aircraft. Departments for engines, propellers, and instruments 
and strength testing of airplane structures were developed. 

These departments at first based their efforts chiefly on the investigations of H. Reissner as 
presented in a lecture before the WGL at the end of November, 1912. These investigations 
contributed largely to a further development of a reliable design and construction for aircraft. 

1 Director, Deutsche Versuchsanstalt fur Luftfahrt. 
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During the following year the DVL, in frequent exchange with the interested parties, worked 

out the fundamental instructions for airplane design which were to be taken as authoritative 

during the war. 

During the maneuvers in autumn, 1913, the Aviation Corps were first employed in larger units, 

and the experience then gained taught that airplanes did not have the strength necessary for the 

safety of the aviators. Only continuous and most careful examinations of the structural parts 

of the airplane which were to be put into service could overcome the difficulties encountered. 

At the end of 1913 tests regarding strength and resistance of wings were made for the first 

time and were later on extended to the fuselage, landing gear, and other parts of the plane. 

The test methods were worked out in the DVL. As a result of the systematic work then done, 

the airplanes in 1914 measured up to all requirements regarding strength. 

The World War brought new experiences, and the aviation corps at the outset were of the 

opinion that scientific research work could be dispensed with. In summer of 1915, however, 

this work was renewed and steadily increased. At the end of the war a considerable number of 

institutions were working on research problems on a large scale. The military technical depart¬ 

ment (Flugzeugmeisterei) had succeeded in uniting the professional organizations of industry 

and science with its own technical staff so as to get a mutual interchange of experience and 

ideas. The technical reports of this department (Technische Berichte der Flugzeugmeisterei) 

gave all the newly gained experience in a quick and confidential way to the interested parties. 

However, the industry was too busy to furnish such reports regularly, so the majority were 

prepared by research institutions. Those principles which were considered authoritative for air¬ 

plane work were laid down in “Bau- und Liefervorschriften der Inspektion der Fliegertruppen” 

(BLV). These BLV were issued three times, in 1915, 1916, and 1918. The last edition was not 

entirely finished, but contained all the important chapters on design and construction. 

Since the end of the war the work on airplanes has been directed toward new lines, especially 

those required for commercial purposes. Not every experience gained with war airplanes can be 

utilized. The conditions, under which the German airplane factories were compelled to work, 

necessitated the utmost economy in every possible way. Methods heretofore used will have to 

be carefully revised, good work maintained, imperfect methods abandoned, and the yet unex¬ 

plored developed and finally brought to a more perfect state. 

The following article gives a description of the views which prevailed in Germany in the 

past and also endeavors to reveal and clarify existing contradictions. 

II. THE AERODYNAMIC PRINCIPLES AND THEIR USE IN DETERMINING THE STRENGTH OF 
AIRPLANES. 

(a) THE AIR FORCES ACTING UPON THE AIRPLANE IN STRAIGHT UNACCELERATED FLIGHT. 

The wings are the members which carry the airplane, and their section, shape, and position 

are arranged to perform this duty. They are attached to the fuselage, the bearer of the driving 

unit and load, and the stationary parts of the tail unit. The latter member has the duty of 

stabilizing and steering the airplane. Its construction is similar to that of the wings. 

When analyzing strength, the air forces on the wings and tail planes must be considered 

jointly on account of their close relation. The air forces on other airplane parts can be neglected 
in most cases. 

1. WINGS. 

The requirements of aerodynamics regarding the wings, whether monoplane, biplane, or 

multiplane, are under discussion, and can be summarized as follows: Small proportion of chord 

to span of wing and section and thickness of wings in proportion to the required flying capacity; 

small air resistance of the exposed parts of the framework. 

The first condition renders the construction of wings difficult. Therefore the determina¬ 

tion of the span is usually the result of compromising the requirements of aerodynamics, on the 

one hand, with structural and weight requirements, on the other. With the flying capacity of 
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the plane determined, the chord of the wing is determined by the span. The section of the wing 

can be selected from the numerous test reports published on this subject. 

To keep the number of connecting parts of the wing as low as possible, it is again necessary 

to compromise between air resistance and weight. 

This report can not deal with these points, which 

will have to be discussed and determined with 

every new design, but assumes that they will be 

fully taken into consideration and that an airplane 

will be designed accordingly. 

The laws of aerodynamics teach that the direc¬ 

tion and the center of pressure of the air forces 

on the wings change with the angle of attack; i. e., 

the angle between the direction of the air flow and 

the chord of the wings. This can be compared 

with the influence of forces upon a structure—a 

bridge, for instance. The weight of a track passing 

over a bridge and the constantly changing air 

forces require similar assumptions as to load. The 

following illustrations will explain this. 

Figure 1 gives the chosen condition. 

The angle of incidence Jc is the angle between the longitudinal axis, which is usually the 

axis running parallel to the axis of the air propellers through the center of gravity S and the 
wing chord. 

Fig. 1.—Air forces on airplane. 

I he air forces designated by coefficients introduced by Prandtl are dependent upon the 
angle of attack a, i. e.— 

Og = coefficient of total force G (kg.). 

ca = coefficient of lift A (kg.) perpendicular to the direction of flight. 

cw = coefficient of drag IF (kg.) parallel to the direction of flight. 

cn = coefficient of normal force N (kg.) perpendicular to the wing chord. 

ct —coefficient of tangential force T (kg.) parallel to the wing chord. 

rFhe coefficients multiplied by the wind pressure q (kg./m.2) and the area of the wings F (m,2) 
give the air forces in kg. which act upon the wings. 

The wind impact pressure q is derived from the air speed V (m./sec.), the density of the 

air j p (kg./m.3), and the acceleration by gravity g (m./sec.2) according to the formula: 

The air forces create a moment around an axis drawn through the front points of the chord 

perpendicular to the plane of the figure and running parallel to the leading edge. This moment 
defined by a coefficient is expressed by the equation: 

k 

S 
Cm y Cn 

1 ^ ind'cates the chord length of the wing; s (m.) the distance of the point (center of pres¬ 
sure) at the intersection of the total air force and the wing chord from the projection C of the 
leading edge upon the chord. 

In Figure 1 the resultant coefficient cg for a certain angle of attack has been divided into 

the components ca and cw and also into the components cn and ct. Both divisions can be of 
great advantage. 
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Fig. 2.—Lilienthal’s polar diagram. 
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Fig. 3.—Coefficients Cn and Ce in relation to the angle of attack a. 

The following illustrations have been prepared with an assumed structural resistance for 

an airplane cws = 0.05: Figure 2 shows the Lilienthal polar diagram (abscissa cw, ordinate ca 

with the angle of attack a in the curve); Figure 3, the coefficients cg and ca in relation to the 

angle of attack a; Figure 4, the coefficients cw and cm in relation to the angle of attack a\ Figuie 

5, the coefficients cn in relation to the angle of attack a. 
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Using the relations given in these figures there is also derived: Figure 6, showing the distance 

s of the center of pressure from the leading edge of the wing in relation to the angle of attack av 

Figure 7, showing the inclination X of the total air force G to the chord in relation to the angle 

of attack a. 

The curves shown are of importance for aerodynamic as well as strength calculation of an 

airplane. They indicate the necessity of considering air forces which change direction and 

position, whereas the range of the angle of attack in regard to the flight of an airplane is not as 

yet determined. This depends upon the size, the weight, the power capacity, and the purpose 
for which the airplane is constructed. 

Ihe range of angle of attack in war airplanes varied, being greatest in pursuit and attack 

airplanes. As long as the steering of the airplane depends upon the ability of the pilot, a certain 

additional factor of safety must be used in calculating the strength of the structural parts 

effected by this range of angle of attack or variation in direction and magnitude of stresses. 

( Following Reissner’s theories, which he presented in a lecture before the WGL in December, 

1312, on the strength and safety of airplanes and which he developed later in an essay prepared 

and published with the aid of his assistant, F. Schwerin, entitled, “The Stress Analysis of Air- 
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plane Spars, ” we have for a given arrangement of the spars, the loads upon the spars with 

changing angle of attack without calculating the partial forces and the forces T acting in the 

direction of the chord regardless of the thrust of the propeller. 

Figure 8 illustrates the arrangement of spars. The spar loads are represented by the 

forces V (kg.) and E (kg). 

The equations are: 
N=V+H and 

sN= t\ V + (h + hi) H 
= cnsqF 
= cmtqF 

Resulting in: 

Z_(tl + tuc — c V 
qF~\ t Cn CmJtn 

— = (c --‘cY 
qF V m t nAi 

-f2° -8° -4° 0° +4° +8° -*/2° +16° ■* ^0° 
Ang/e of aiiach:= cc 

Fig. 9.—Spar loads Vand H in relation to the angle of attack a. 

_[ Case C,i:oo(0°) 

Acc. to BLV 1918 

Fig. 10.—The four load cases on wings. 

The air pressure resulting from a uniform gliding flight is determined by: 

7 
Trom this equation the forces 

7 = 

G 
csF 

upon the spars are derived: 

V= 

H= 
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For an illustration, G is taken as 1,000 kg., and for the wing values already mentioned the 

spar loads V and H are given in Figure 9 in relation to the angle of attack a. This figure shows 

that the spar loads, depend to a large degree upon the angle of attack. In a vertical dive 

(a= —4.25°) they are equal and opposite to each other. 

Reissner’s method can be used whenever figures are available for the angles of the wing 

section or when they can be derived from existing ones. 

As this is not always the case, suggestions of my former assistant Madelung, which tend 

toward simplifying these matters, were introduced for the first time in the BLV of 1916. They 

illustrate the air forces upon the wing with sufficient accuracy, regarding position and direction. 

From the many possible positions and directions of the air forces, due to the change of the 

angle of attack, four special cases are selected and illustrated in Figure 10. 

(A) Pulling out of a dive.—The air force is perpendicular to the wing chord, intersecting 

same at a point one-third of the chord length from the leading edge. 

(B) Gliding flight.—The air force is inclined in the proportion of 3 : 1 to the chord and 

intersects the chord at a distance of one-third of the chord length from the trailing edge. 

(C) Dive.—The air force is parallel to the chord and at a distance below, equal to two-thirds 

of the chord length. As this assumption was aerodynamically incorrect, the distance was 

increased in the BLV of 1918 to 1% of the chord. 

(D) Flying upside down.—The air force is inclined in the proportion of 4 : 1 to the chord 

and intersects the chord at a distance of one-fifth of its length from the leading edge. 

It can be seen from the illustration in Figures 6 and 7 that the above four cases occur with 

an exactness sufficient for aerodynamics. Any other example will certainly not give such good 

conformity together with qualitative accuracy. 

On the chart of center of pressure travel the points of the curve corresponding (fig. 6) to 

one-fifth, one-third, and two-thirds of the chord length and its asymptote to its infinite branches 

show that the following angles of attack apply to the four cases chosen for determination of the 

load: 

Case A: a = + 10° 

B; a = — 1.9° 

C: a = - 4.25° 

D: a = — 7.5° 

The angles of inclination of the air force X belonging to these angles of attack are to be taken 

from Figure 7 and compared with the commonly accepted inclinations: 

Angle X. 
According to According to 

Figure 7. BLV, 1916-1918. 

Case A: +93° co : 1 +90° 

B: +72° 3 : 1 +71.565 
C: 0° 1 :co 0° 

D: -63° 4 : 1 -75.964 

The conformity of the angles of inclination as adopted in the BVL with the results of the 

example is very unsatisfactory in case D. This deviation is expected as greater forces are created 

in the truss due to the steeper air forces. A special calculation of the truss for load strength due 

to the effect of inertia is unnecessary. Figure 9 shows the range of the spar loads V and H in 

relation to the angles of attack in cases A, B, C, and D. In cases A, B, and D the spar loads 

almost equal the total force G. In case C they balance each other. 

Figures 11 to 14 show a biplane in the four positions corresponding to conditions of flight 

selected as cases A, B, C, and D. In case C the airplane, lying somewhat on its back in conse¬ 

quence of the negative angle of attack and force exerted by the tail unit in balancing the wing 

momentum, has a lateral component of motion besides the vertical. 
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As long as the wing is considered as a unit, it is permissible to compute with the total air 

force alone. This total air force is produced by partial air forces which are spread along the chord 

of the ribs according to certain laws. The first book by Eiffel and the Sixtieth Report of the 

English Advisory Committee for Aeronautics, 1911-12, contain valuable information on this 

subject. Heimann and Madelung explained that through assuming double triangular distribu¬ 

tion for the load, cases A to D, the air forces can be estimated for the strength calculation with 

sufficient aerodynamic accuracy. 

In Figure 15 the loads upon the ribs applying to the four above-mentioned cases are plotted 

as proposed by Heimann and Madelung. In case C the severer condition of the BLV, 1918, 

is also taken into consideration. In conformity with Figure 10, the following normal forces 

and moments about the intersection of the chord with the leading edge are given: 

Case. Normal force 
N. 

Moment about the 
leading edge. Remarks. 

A. G. | G= +0.333 tG BLV, 1916-1918. 

B 3—0 948 G 
2 3 fG 

BLV 1916-1918 
V9+1 3 VlO 

r2 „ 
3 tG= +0.667 tG BLV, 1916. 

C. 0 < 

o- tG=+1.667 tG BLV, 1918. 

D. 
4 G 

-7^-^—=0.970 G - 4== = -0.194 tG BLV, 1916-1918. 
V16+1 5 Vl7 
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The areas of loads shown in Figure 15 again result in partial pressures upon the upper and 
lower surfaces of the wings. The question to be determined is whether, and to what extent 

is a subdivision of these forces necessary. Concerning ribs of the airplane of to-day this is not 
as yet necessary, but as the ribs become larger, 

and especially if the cap strips are designed as 

independent girders, this consideration will 

become necessary. 

The results obtained and published, re¬ 

garding tests on airplane models in different 

countries, are classified for a fixed aspect ratio. 

m Those of the AeVA in Gottingen apply for an 

aspect ratio of 6. 

The formula developed by Albert Betz per¬ 

mits of a transfer of wings with different spans 

from a monoplane to a biplane, without great 

difficulty. The formulas are given in Table I. 

Using the Betz formulas the size of the air 

force can be determined for any proportion of 

the wdngs and for any shape of the camber. 

Crossing angle 
of chords = £= du~aQ 
Angle of slogger f 

Wind direction 

Fig. 15—Distribution of wind forces along the wing chord for cases 
A, B, C, and D. Moment about the leading edge. Fig. 17.—Angle of stagger 0 and crossing angle of chords f of a biplane. 

Until 1918 the specified ratio between upper and lower wing was 11:9 or 55:45 for all 
load cases on all types of biplanes. This is substantially an acceptance of the proposals of 
Reissner and the DVL, who used this relation from the very beginning in determining strength 
and stability. This ratio is taken from Table XX of the first complete edition of Eiffel’s book. 

An exact calculation reveals that this ratio can not be maintained. The Betz formula 

of conversion makes it possible to prove in special illustrations that the ratios depend on the 
angle of stagger (3 and the crossing angle of chords t for the different load cases and provide a 
basis for the 1918 BLV. 

The angle of stagger /3 and the crossing angle of chords f are explained in Figure 17. Il¬ 
lustrations 18 to 21 represent the conditions of specific loading according to the BLV of 1918 
on the upper wing in relation to that on the lower wing of a biplane. It is to be noted that 
the angle of stagger applies to the wings and not to the spars. 

I he angle of stagger of 26UV corresponds to a displacement of the wing from its normal 
position of half a chord length. 

In case A the curves for 20° and 26^0 are practically the same. In case C the distribution 
of the air forces is independent of the angle of stagger In case of a biplane with crossing 
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Crossing angle = J 
Fig. 18.—Load case A, relation between loads on upper wing and 

lower wing, when pulling out of a dive. 
Fig. 19.—Load case B, relation between loads on upper wing and 

lower wing, in glide. 
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chords one of the wings has a positive lift and the other a negative. These forces are opposite 

and equal to each other. They have either to be taken from a polar diagram or to be calculated. 

As an example, for angles ft = + 10° and f = — 2° the conditions of load for the different 

cases are enumerated below: 

m A B C D 

64. 5 70. 4 39. 2 43. 0 
Snopifir* nrpssnrn on 1 owfif Wine'S.. 35.5 19.6 60.8 57.0 

Case. 

— 

This tabulation shows the importance of discarding the adopted relation of 55:45. 

The above holds good for the distribution of air forces along the wing chord. The knowl¬ 

edge of the lateral air distribution is of the same importance and can be more easily and ac¬ 

curately treated than the longitudinal distribution. 

The first investigations by Eiffel revealed that the lateral distribution of the air forces is 

irregular in the center and flows off toward the edge. The assumption of a uniform load upon 

the wings from the fuselage toward the tip of the wings is approximately correct at the center 

of the wings only, as the load would be too great toward the tip. Reissner advocated this 

distribution in his lecture in 1912, and for some time this regulation was utilized in the con¬ 

struction of airplanes. However, when airplane wings with a washout were introduced, the 

DVL decided to take a different view, consequently, it was decided that the air distribution 

from the center toward the tip of the wings was uniform to a point one chord length from the 

tips of the wing. It was assumed that from this point 

on to the tip of the wing, the load decreases until it J_ 

reaches half the value of the load in the center (see fig. ^ 

16). The reduction to zero on the tip was not considered 7 

advisable for the reason that the ailerons are usually 

extended to the tip of the wings and when in use produce 

an increased stress at this point. In case of overhang, it has been assumed, in accordance 

with the BLV of 1918, that the load is uniform up to the tip. 

Wings that vary in section and plan construction and in angle of incidence require careful 

consideration. When proper aerodynamic data are not available, which is frequentlv the 

case, the rules for ordinary wings have to be carefully examined before they can be applied. 

In most cases no difficulty will be experienced in investigating the chosen shape of wings. 

Aside from the summary investigation of the influence of the air forces upon the wings, such 

members of the wings which are attacked by an accumulation of component forces must be 

carefully considered. The leading edges and the tips of the wings represent such points. It 

will be remembered that the component forces on leading edges and on the tips of the wings 

increase suddenly. Experience teaches that insufficient regard for the effect of tip vortices 

has resulted in the fabric being torn off at the tips when insecurely fastened. 

Recently A. v. Parseval in a lecture before the WGL on October 15, 1920, referred to the 
sucking effect of these eddy currents. 

L 7- 
l 

i 
c 

'T 

Fig. 16.—Lateral distribution of wing forces. 

2. TAIL UNIT OR THE EMPENNAGE. 

I he air forces acting upon the empennage, which have to be considered when calculating 

the stability, can in the present state of airplane design be estimated only according to assump¬ 
tions which will simplify matters. 

The tail unit consists of the elevators, which impress pitching moments to the airplane, 

and the rudder, which, acting with the ailerons in the trailing edge of the wings, effects the 
yawing and rolling movements of the plane. 
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As to calculations of strength, the ailerons belong to the wings and do not therefore require 

special attention under this heading. 

The air forces acting upon the elevators can be easily derived from the air forces acting 

upon the wings. The air forces acting upon the rudder are not so readily explained. It was 

usually assumed that the loads on the rudder were the same as those on the elevators, although 

this was known to be unnecessarily severe. 

Messrs. R,. Fuchs and L. Hopf explained how the moment turning around the center of 

gravity S of the airplane can be calculated in a simple manner from the coefficients ca, cw, and 

cm of a wing and the coordinates h (m.) and r (m.) of the center of gravity of the airplane 

(fig- 1). 
In this figure the point C was taken as the origin of the ordinates and was obtained by 

projecting the leading edge upon the wing chord. 

The wing moment Mf (mkg.) is now expressed as: 

M{ = qtF^cm + j[ca sin (a —k) — cw cos (a —k] —y[ca cos (a —«) + (?* sin (a-jt)] 

The direction of Mt is taken as positive if the moment tends to tilt the airplane downward. 

If, however, it is assumed, as in the preceding chapters, that when calculating the spar loads 

the wind pressure is eliminated, deductions may be made according to the following equation: 

G 
i~otF 

In the figure k is introduced depending upon the chosen section and dimensions of the wing 

and varying with the angle of attack a: 

\ \ Jb • Y* ) 
Icm+ -^[ca sin (a —k) — cw cos (a — /c)] — -[ea cos (a — k) + c\ sin (a — *)]} k = 

then the moment is: 

II' 

| 
<u 

- ; 
{Cm< '{Pa \. 1 i 

s/n(x-k) -Cwcos( 

os (<x-h) + Cw s/n fa: 

_ ' r\ , 

\-K)] 

-4 
h ! 
t s 

A - sJ 
t 3 

. 

Angle of aHack= cX 

Rig. 22.—Coefficient Tc in relation to angle of attack a. 

V 

Tff = ktG 

In the example of a wing, as given in the preceding 

chapter (see figs. 2 to 9), with the position of the cen- 

v \ ~ti 1 
ter of gravity ^ = 3 and 7 = 5 anc^an angle of incidence 

of k = 5°, the line of the obtained — k values is plotted 

against the value of the angle of attack (see fig. 22). 

This illustrates that the coefficient k is smaller if the 

angle of attack is great but increases gradually with 

decreasing angle of attack and reaches a maximum 

near the value of —4° for the angle of attack (dive, 

case C). It again decreases below this value. The 

curve representing the values k depends to a large 

V lb 
extent upon the values - and -. The position of the 

Z v 

center of gravity and therefore the coordinates r and 

h are to be chosen in such a way that the coefficient 

k will be small in comparison to range of angle of 

attack ordinarily expected during the flight. An 

increase of ^ causes a lowering of the k curve especially 

at the top within the range of the dive. If the values of the angles of attack are high 

and positive, k is more indifferent toward a change of the air forces, as shown before, 

being almost vertical to the wing axis and therefore nearly parallel with the coordinate axis of 
the k values. 
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The moment coefficient lc, about the leading edge Gin the different load cases A, B, C, and 

D, can be taken from the explanation given to Figure 15. 
T* \ ~tb \ 

Assuming the same position for the center of gravity as before, namely, 7 = 0) 7_k> the 
t o t — o 

coefficient lc of the wing moment Mt turning around the center of gravity S is calculated in the 

following way: 

Case. 

A 
B 

C. 

D 

Moment coefficient 
k, about the lead¬ 
ing edge. 

Moment coefficient 
k, about the cen¬ 
ter of gravity S. 

Remarks. 

+0. 333 -0. 056 BLY, 1916-1918. 
+0. 632 +0. 243 BLY, 1916-1918. 

f+0. 667 +0. 278 BLV, 1916. 
1+1. 667 +1. 278 BLV, 1918. 
-0.1937 +0.1953 BLV, 1916-1918. 

The coefficient reaches its highest value in case C. The position of the center of gravity 

of the example agrees to some extent with that of airplanes already built. It is therefore per¬ 

missible to introduce the highest value of lc, according to the calculated data, as 

^mai 1.3. 
Opposing the wing moment Mt there is another moment equally great in straight unac¬ 

celerated flight, that acting upon the elevator. The airplane body with the landing gear and 

floats exposed to the air currents also require stabilizing by the elevator. Generally the forces 

necessary in this case are small compared with those acting upon the wings, and it is permis¬ 
sible to neglect them and to figure the wing moment only. 

I he center of the lifting force of the elevators can be assumed with sufficient accuracy to be 
in the center of area of the horizontal tail surface Fh (m.2). 

If the distance between the center of gravity of the airplane and the center of area of the 

horizontal tail surface is a (m.), then the total air force Qh (kg.) acting upon the elevator and 
tail plane is given by the equation : 

n — _ 7 ^ n 

a a 

If cah is introduced as a lift coefficient of the tail surface depending upon the angle of the 

tail plane and the position of the elevator, the following calculation can be made: 

Qh = c&hqFh = y Fh and 

Qh __ Gah G_ 

T-, . . . Fh Cg F 
Irom this equation follows, that 

specific load on tail surface lift coefficient on tail surface 

sPecific loaffoiTvGh^s ~ coefficient^)! Total force on wing ’ 

e maximum value of the specific load upon the tail surface for a given specific load upon 

he wings is obtained therefore in case C (dive) with the smallest value for and the greatest 
tor cah, if the elevator is turned to the extreme position. 

samTnmhLrn t0w-f0r0f T,°n fhe elevator has been determined according to either method, the 
solved u^nh to the distribution of the air forces acting upon the elevator has to be 

subject show tle TT ft ,exPlained reSardmg the wings. The experiments known on this 

portion of 1 1 T d;st,nb,Utl0n °f tHe f°rCes dePends larSely up™ Pi™ form and the pro- 
special test' Tlf ° 'p ane area‘ Data for a special construction are derived only from 

butionof the sir f6 '""T7US F figures S1Ten m TB do not show accurately the distri- 
butmn of the air forces, but give figures for the lift resistance and moments only. ' 
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Tail plane ^d Elevator 

Fig. 23.— Load cases on horizon¬ 
tal negative tailplane and ele¬ 

vator. 

The elevators of airplanes commonly in use are chiefly subjected to air forces which act in 

one direction. Many airplanes have tail units with curved surfaces so as to utilize-these air 

forces. 

In case the tail units have the form of wings, the air distribution for the latter can be taken 

as typical. But if not it would be advisable to make use of simplifying methods in calculating 

the air forces, especially since the tail unit in most cases is not large enough to permit of an exact 

investigation. 
In considering the elevators, four load cases are chosen, demonstra- 

*~c ting with ample accuracy all aerodynamic requirements. (See fig. 23.) 

Case a: Pressure from above.— The air force Qh is distributed over the 

positive pressure side of elevator, so that the center of pressure lies at a 

distance equal to one-third of the tail unit’s chord from the leading edge. 

Case b: Pressure from above.—The air force is distributed uniformly 

over the positive pressure side of the horizontal tail surface. The cen¬ 

ter of lift lies at a distance from the leading edge equal to half the 

chord of the horizontal tail surface. 

Case c: Warping.—The air force Qh runs on the concave side at a 

distance equal and parallel to the chord of the horizontal tail surface. 

Case d: Pressure from below.—The air force Qh is uniformly distributed over the negative 

pressure side of the surface. The center of pressure is at a distance equal to half the tail 

unit’s chord from the leading edge. 

These four cases do not correspond to the load cases for wings designated by capital letters in 

the preceding chapters, but they do include the load possibilities of the elevators. The lateral 

distribution of the loads is assumed to be uniform, thus simplifying the calculation but giving 

higher stresses than are actually obtained. 

In contrast to the horizontal tail surface, the vertical fin and rudder are subjected in flight 

to equal forces from either side; consequently they are always constructed either as plane or sym¬ 

metrically cambered surfaces. Omitting load case d, the remaining cases, a, b, and c, have to be 

applied to both sides. The force Qs exerted on the rudder is not specially calculated, but is 

derived from the well-known basic laws for elevators, that is to say: 

Since rudders are subjected to the same wind pressure as elevators and since they receive, 

with similar rudder deflections, forces of corresponding magnitude, the same unit-surface load is 

chosen for both members. If Fs (m.2) means the area of the vertical tail surfaces, the following 

equation holds good: 

Q*_Qh 
FB~Fh 

The rudder needs special investigation. An unbalanced rudder forms a continuation of the 

fin which has a pivot or hinge, about which the rudder oscillates. The balancing surface of a 

rudder is, according to its relative area, subjected to the same load as the rudder itself. 

(b) AIR FORCES EXERTED ON WINGS AND TAIL UNIT IN CURVED AND ACCELERATED FLIGHT. 

The straight and unaccelerated flight of an airplane is an exception. Even if the rudder is 

not moved, there are always small oscillations caused by lateral balancing, which in turn accel¬ 

erate or retard the flight velocity and which are accompanied by corresponding changes of wind 

pressure and angle of attack. Usually, however, flights without operation of the rudder will 

so closely resemble the straight unaccelerated flight that the latter can be safely assumed. 

When the steering action takes place, the airplane takes a curved path. Centrifugal force 

combines with acceleration of gravity to form a new force which is greater the smaller the radius 

of the curved path. In calculation of airplane strength it is necessary to know the magnitude of 

this “ apparent” airplane weight. 
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Reissner asserted in his lecture before the WGL, already referred to, that the spar loads 

resulting from centrifugal force in curved flight must be calculated. Assuming that the path 

of the flight when rising is circular and that the initial velocity, the radius of curve, and the 

height is known, he contends that the load upon the wings could be a little more than double 

the load experienced in straight flight. He discusses further the case where the highest con¬ 

ceivable wind pressure is combined with the largest angle of attack and the most unfavorable 

spar loads, and estimates that this coincidence of the forces will produce a load more than three 

times that of an ordinary wing load. As experiences of practical flights were lacking, Reissner’s 

theory did not clear up sufficiently the magnitude of the wing loads, which in reality appear as 
multiples of the load in a curved flight. 

Either of two methods could be considered. 

Ihe WGL decided to obtain the necessary fundamental data by creating an instrument 

for registering accelerations in the form of a curve. For this purpose a contest for the pro¬ 

duction of an accelerometer for airplanes was arranged for July 26, 1913, with the stipulations 

that the meter had to register the highest values and changes of the apparent components of 

gravity perpendicular to the supporting surfaces and to record data as to their magnitude and 
frequency, the range of measuring comprising in upward 

flight at least eight times the acceleration of gravity and in 

downward flight at least the simple amount of the accelera¬ 
tion of gravity. 

Several kinds of instruments were received according to 

specifications at the testing stand of the DVL, until July 1, 

1914, but could not be tested due to the outbreak of the 

war. Even at a later time the contest could not be carried 

out. The accelerometer was not much used in Germany. 

Except for the shocks experienced in a seaplane when touch¬ 

ing the water, the accelerometer of Albert Betz was success- 

iully used.. Recently W olfgang Klemperer built an acceler¬ 

ometer which in a convenient size can be attached to the 

instrument board of an airplane and permit a continual 
observation of accelerations. 

In England the recording device of Scarle, consisting 
t hrPQ rl rvf mmrtrz _r n & 

Fig. 24.—Bendemaim's measuring device. 

shanfbattle n BarSt°W'S b°°k is stated - a 
extraordinarily high vaTue q ” *'he “Nation of gravity. This is an 

the ITmtsAnfd^ ‘° A™ A* pr°blem ^ ~mg "y 

1913 made this possible. The measuring points we're Sd *7 “ 
registering stand was in the observation room 74 f the airPlane lift wires; the 

provided which would guarantee a sure and imm 4 ZT theSe P°mtS a connection had to be 

sion offered these advantages^ especTaflvt 5n’ The ^nsmis- 

the features of which are briefly explained in Figure 24.BendemanI1’s measuring device, 

force can be exerted by a roTc ^ On'cylinXrVa ^ bulcloseIy liUln3 Piston h> 011 which a 
tween flanges of the member c and W 13 m0unted> which is engaged be- 

into the cylinder a. When rod c is 1 1 ? F*S ?n Ta ves e andF These pistons are fitted 

is actuated upon and admits pressure liquid though “]°e?S d°™w.”d' The regulating piston 
position and the inlet is closed The A4 g 1 mitl1 Plston h returns to its middle 

-e gage (either an ordin " ^ p«Pgage oAn' d' 1 PiSt°D 'opening A to a pres- 
This mstrument registers thefiressure oft be r 1 mdlcator f commonly used with engines). 

Piston t. If the load on "P°n tbe 
53006-23_19 e of the Pressure liquid flows out of the gage 
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into cylinder a. As all commonly used gages work on the principle of change of space, the 

piston b is lifted, moving the piston valve e and allowing liquid to escape through the passage i 

until equilibrium is reached. The piston has a very slight travel except under sudden changes 

of load. These movements are limited through the position of the regulating piston and the 

lever arrangement. The movements can be made so small that they are practically negligible. 

When Bendemann’s measuring device was first used, the special regulating pistons were 

omitted on account of simplicity, and the carrying piston was equipped with regulating ports. 

Its zero position was consequently not so sensitive, but no trouble was experienced. In some 

makes of measuring device a special regulation of the outlet was not provided and the equalizing 

of the pressures was partly left to leaks around the piston and partly to small movements of 

the piston. 
As it was thought inadvisable to have measuring devices in the main truss links, necessi¬ 

tating a great change in the structure of the wing, a device was built as shown in Figure 25. 

The cable to be tested of a thickness of s (m.) 

loaded by a force S (kg.), was rim in a slight 

bend a (m.) over three pulleys, so that a force 

P (kg.) resulted in the center: 

m WM 

Fig. 25.—Tensiometer diagram. 

P = 2S sin 7 

This force was taken up by a measuring 

device with an area of F (cm.2) and was meas¬ 

ured by pressure p (kg./cm.2). 

Therefore: 

a PF 
O — v—•- 

2 sm 7 

and through the geometrical formula: 

2(a + s) 
tan 7 = 

l 
the angle 7 is fixed. In the above equation l (m.) is the distance between the two outer bends. 

With a very small value for angle 7: 
Q_ PIF 

4 (a + s) 

The first trials with the tensiometer (see fig. 26) were made in February, 1914, on a Taube 

airplane of the Albatros Co. G.m.b.H. in Johannisthal. This airplane, on account of its pecu¬ 

liar landing gear, which also served as the lower king post of the wing truss, was especially 

adapted for the intended purpose. 

The cables to the wings were run to points fore and aft beginning at an attachment some¬ 

what above the axle of the landing gear. They were connected by horizontal cables running 

through these attachments. The tensiometers were placed between on these cables (see fig. 27). 

This arrangement could be used, as there was no danger of exceeding the elastic limit of 

the airplane parts, and consequently the law of elasticity held good. The conclusions drawn 

from this test could be applied to similar wings. 

The test pilot, Ernst V. Loessl, flew the Taube in the best possible way, considering the 

clumsiness of this airplane. The factor 1c indicates the ratio of the registered tension to the 

tension of the cable in horizontal unaccelerated flight: 

Kind of flight: Factor k. 
Initial tension (on ground). 0. 67 
Climbing.'. 1.07 
Gliding.94 
Lateral curving flight. 1.40 
Leveling out of a glide. 1. 60 



Fig. 27.—Tensiometer attached to wires. Fig. 26.—Tensiometer. 

Fig. 28.—View of Alb. B II 



V 
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The results obtained were not satisfactory. The high stability of the trial airplane could 

not sufficiently be overcome by the pilot. Another trial was therefore immediately made 
with a biplane built by the same factory, Alb B II. 

This trial airplane .-(see fig. 28) was equipped with the 100-horsepower D. I. engine of 

the Daimler Engine Co. A. G. Unterturkheim. According to the test log the tensions must 
be measured at the following points: 

(a) In the cables of the inner bay of the wing in uniform straight flight, in squalls, in 
banking, in gliding, and in exaggerated pulling out of a glide. 

(b) The same as under (a); in the wires running from the upper rear spar to the engine, 
especially during gliding flight. 

(c) In the counter wires of the inner bay of the wing 

(d) In the four cables of the outer parts of the wing during straight flight. (This require¬ 

ment was withdrawn later on, as the airplane was urgently needed for service.) 

The tests were made in June, 1914. The same measuring devices used for the Taube 

were used in this case. The correct operation of the devices were ascertained by special tests 
made before and after the trials on the airplane. 

The test pilots succeeded in accomplishing more with the biplane. The results also checked 

with each other better, as both wings were tested simultaneously. Besides the wires, on which 

tests were made, there were the more predominant wing carriers differing from those of the 
wires in the fuselage trussing of the Taube. 

The results of the test are given below: 

Kind of flight. 

Factor k. 

Main cables. Front cables. Counter 
cables. 

Horizontal flight. 
1.00 
1.04 
1.05 
1.78 
1.60 
0. 88 
1.69 

1.00 
1.01 
1.02 
1.33 
1.34 
0. 83 
1.30 

LOO 
0. 98 

Left-hand bank. 
Right-hand bank. 
Spiral (left hand). 
Righting out of a bank. . 
Gliding flight. ' . 0. 33 

1.14 
0. 42 
2. 49 

Leveling out of a glide. . 
Landing shocks. . 

—- 

he calculation of the total airplane weight, from the test results, was attempted. It was 

assumed that the results obtained at different times, with the same flight evolutions, could be 

used and that 92 per cent of the body weight carried by the wings could be accounted for the 

lemaimng 8 per cent to be considered as load upon the connections of the wings to the bodv 

and as air forces upon the elevator of the airplane, which in this case was “nose heavy.” 

he rolling moment could also be determined, with sufficient accuracy, from the difference 
m tension in the lifting wires of both wings. 

in o T1f adclltl°Iial air f°rces, in the different wires when pulling out of a gliding flight, resulted 
a value equal to 2.01 times that of the air forces in a horizontal flight. 

bv the evmT' °f P—travel equal t0 10,5 per Cent of the winS chord was also demonstrated 

°CT,red at an angle 0f attack °f 3-2° and is a sma11 variation, 
for auSil^- htV,WUlg m0deI/r,e taken as the standard. This travel could be accounted 

portlnc t m the ™rg f ™g edges- The «*P—‘s of 1914 were of great im- 
computetion C°nStructlTe development of German airplanes, forming a safe basis for 

the loadsTncl'n th* ^ experiments with C airplanes were repeated by the Flz. New data for 
loads upon the wings were not gamed, as the tests unfortunately could not be analyzed. 
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The tension measurements in the wing wires made clear the variation of forces in the 

wings during the evolutions of flight and revealed that in “pulling out from a dive/' case A, 

the greatest loads were experienced. 

Although the experiments were conducted with a type of airplane having a relatively 

small engine, the conclusions reached could nevertheless be applied to heavier, similar, and 

lighter types. Experience verified these conclusions, showing that the right basis had been 
found, upon which further development was possible. 

It was not so easy to obtain forces experienced by the tail unit in the evolutions of flight. 

The human body being naturally sensitive to the accelerations of gravity, the pilot pos¬ 

sesses in his own body a very dependable accelerometer. He is unable, however, to estimate 

the turning moments created by the operation of the rudder. The human body is affected 

very little by angular accelerations. This assertion is confirmed in dancing or gymnastics, 

where the body experiences considerable angular accelerations without becoming dizzy. The 

accelerations of an airplane can not be used as a measure for stresses in the tail unit. Onlv 

through centrifugal force which will act later upon the airplane and which is felt by the pilot 

is it possible to avoid continuous and excessive turning movements. 

In the preceding chapter it is explained that the elevator receives the greatest loads in 

diving. Damage to the elevator found on a number of light airplanes after pulling out of a 

dive verifies this statement. Therefore the most dangerous elevator load does not occur in 

case A but in that evolution of flight which corresponds perhaps to case B and case C, should 
the latter condition ever occur. 

This distinction is important. The greatest load on the wings occurs in case A, while that 

on the tail surfaces occurs in either case B or C. Through this experience, in limiting the 

increased air forces to be expected during a flight, the factor of safety necessary for the strength 
calculation is obtained. 

When observing the velocity of different airplanes in a variety of flight attitudes it can 

be seen that the velocity of heavy airplanes in gliding only slightly exceeds that in horizontal 

flight, that the increase in velocity of lighter airplanes is somewhat greater; and that even with 

pursuit airplanes the full and final velocity corresponding to case C can not be reached. With 

war planes, which in air battles experience the most violent movements, it is reasonable to 

assume a flight evolution corresponding to that of case C, although this case has never been 

observed. W ith airplanes for passenger service, especially with those of heavier construction, 
case C to its full extent will never occur. 

With lateral movements of the airplane this can happen, in that the air strikes the air¬ 

plane from the side and not parallel to the axis of symmetry as assumed so far. 

In the sudden and intended turning movements of pursuit airplanes, very large lateral 

air currents must be taken into consideration. Especially conducted tests on models, with 

air forces similar to those occurring in such evolutions of flight, do not exist. It could be 

concluded from the breaking of a Cl biplane having ailerons in the upper wing only, that in 

making a curved flight a lateral force equal to one-third of the total weight of the plane is ex¬ 

erted upon the upper whig. This observation suggested the existence of one-sided working 
loads. 

With some lateral movements of the airplane the elevator is put into action, so that both 

members take up forces which have to be taken into consideration in strength calculations, 

.s rati° the magnitude of the forces on both members is as yet unknown, the assump¬ 
tion that the highest values will occur at the same time is justified. 

The moments of inertia around the different axes of an airplane are not affected by 

angu ar acceleration. This resistance is due to those parts of the airplane which are located 

at some distance fiom the axes of the airplane. In angular accelerations the forces on the con- 

tro sur aces are largely balanced by the weight of these surfaces themselves and of other 
parts in their immediate vicinity. 
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(c) RULES FOR STRENGTH OF WINGS AND TAIL UNIT. 

In every line of engineering development an investigation of the maximum working loads 

must precede the strength calculations of the structural parts. The result of the investigations 

is expressed as a safety factor, depending on the kind and frequency of the load in order to 

determine the strength of the structural parts. This factor of safety is taken so high that the 

limit of elasticity can not be reached under any working condition and that permanent dis¬ 

tortions can never occur. The maximum value of the load of an airplane, as has been explained 

in the preceding chapter, can not be calculated with absolute correctness, but can be estimated 

only by comparison. The investigations already mentioned on an Alb B II, in June, 1914, show 

that a load twice that of the static load will be experienced in flight, being greater with lighter 

and more maneuverable airplanes (pursuit airplanes) and less with heavier and clumsier airplanes 

(giant airplanes). These figures for static loads must be multiplied by a sufficient factor of 

safety, and by so doing the load factor necessary for the calculation of the breaking strength is 

obtained. In airplane designing the method of first finding the working load by means of one 

factor and then the safety load by means of another factor has the great disadvantage of twice 

necessitating a compromise on chosen factors. Therefore it was decided to use one only, namely, 

the product of these two figures, and to leave open to discussion the apportioning of this product 

into factors. Unfortunately this product is often called the factor of safety. Attention is 

called to this expression, as otherwise a false idea might be obtained (it should be noted that the 

customary American term “load factor” leaves less chance for ambiguity than does “factor of 

safety”) of the significance of the factor of safety as used in aeronautics. 

1. WINGS. 

At the beginning of the war it was thought necessary to use a safety factor of 6 in calculating 

the strength of wings under conditions of case A (pulling out of a dive). In the earlier part of 

1915 this figure was changed to agree with results obtained in measurements of wire tension, 

as explained in the preceding chapter, thus requiring a safety factor of 4J times the load. The 

way of reasoning at that time was as follows: The difference between the limit of elasticity and 

the ultimate strength of the materials generally used in building airplanes, i. e., timber and steel, 

is not the same. With the bent timber (wing spars) values must be taken which are less than 

one-half of the ultimate strength. With steel these figures are higher, depending upon its 

hardness. The limit of elasticity is not fixed, on account of the compromise on the admissible 

remaining elasticity and because of the widely differing properties of the timbers used. Messrs. 

H. Dorner and E. Heller, who were responsible at that time for the strength of airplanes, advo¬ 

cated the adoption of an elastic limit for timber of about 45 per cent of the ultimate strength or, 

expressed as a load factor, of double the load. 

They reasoned that the ultimate strength would be = ~4.5 of the load. This method 

can also be used for timber having a limit of elasticity below 45 per cent. If the value of the 

bending stresses is substituted for the tension stresses of a spar, the ultimate strength and at 

the same time the bending load will not be in proportion to, but will increase more rapidly 

than the load; so that with twice the load a tension stress of not quite -r-= times exists. Thus 
“E.O 

the elastic limit is not as yet reached. 

This 4.5 times the load was used in calculating and testing airplane wings until a revision 

was felt necessary. The BLV of 1918 contained the following instructions: 

Stipulated load factors. 

Load. Case. E and D 
airplanes. 

C and G 
airplanes. 

R 
airplanes. 

Pulling out force. A 5 00 4 50 4 00 
Gliding flight force. B 3.50 3.00 2.50 
Frontal pressure force.... c 2. 50 2.00 1.50 
Upward pressure force. D 3.00 2. 50 2.00 



284 REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS. 

The subdivisions according to different airplanes were dependent upon their weight and 

size. As an exemplification, the differences of the airplane classes in name and type are given 

in Table II. The position and direction of the forces in relation to the wing section are repre¬ 

sented by Figure 10. 
The amount of resistance due to air forces is different. In case C it is taken as smallest, in 

case D and B as greater, and in case A as the greatest. These designations are necessary, case C 

being a dive, in which the final limiting velocity is reached and never surpassed. By turning 

the airplane out of this position, retardation and a load increase takes place. The highest 

pressures can occur in case A only having a high lifting force resulting from a great angle of 

attack; whereas at the same time the wind pressure has not decreased sufficiently on account 

of the still high flying speed of the preceding flight evolution. 

These directions were followed until the spring of 1918, at which time the introduction of 

the BLY of 1918 occurred. This issue contained in most part the directions of the BLV of 

1916 and required, for the calculated failing strength of the wings, at least the factors as shown 

in the following tabulation (total weight minus wing weight): 

Load factors for calculating purposes. 

* Stipulated load factors. 

Calculation class No. at time of publication of 1918 BLV. Case A 
(pulling 

out). 

CaseB 
(glide). 

Case C' 
(dive). 

Case D 
(flying up¬ 

side down). 

■ 

T A i ml a tip with full wfiipht, over 5.000 k?. 3. 5 2. 5 1. 2 
II. Airplane with full weight, 2,500 to 4,000 kg. (useful load, 1,000 to 

2 000 ko'.) .*.. 4. 0 2.5 1. 5 
III. Airplane°with full weight, 2,500 to 4,000 kg. (useful load, 800 to 

1,400 kg.). 4. 5 3.0 1.75 2.5 
IV. Airplane with full weight, 1,200 to 2,500 kg. (useful load, 400 to 800 

kg.).i. 4. 5 3.0 2.0 2.5 
V. Airplane with full weight up to 1,200 kg. (useful load up to 400 kg). 5.0 3.5 2.0 3.0 

i Only for frontal pressure, not for turning moment. 

These regulations were an improvement in that the airplanes were classified according to 

their total weight, the use to which they were put differing on account of the different load fac¬ 

tors in the assumed load cases. In new types the classification was made in accordance with 

the Army regulations, when ordered. In this way it was thought possible to compensate sudden 

changes in the weight of the airplanes and to place those airplanes which had to perform a 

certain task in the proper group. 

The classification, according to groups, was begun with the heaviest airplanes, with the 

assumption that it would not be necessary in the future to figure on smaller load factors than 

those for this group. 

With airplanes of Classes I and II the load case D (flying upside down) was to be neglected 

and instead it was required that the effect of the mass when landing should be taken as six times 

the wing weight, in making strength calculation. 

The instructions for calculating loads assumed that the strengthening effect of the covering, 

reinforcing members, and ribs on the spars could be disregarded. 

This assumption contains a special factor of safety and a strengthening of the wings which 

.does not find expression in the figures. Due to this strengthening effect, found in testing the 

wings, an increased load is justified in the three cases A, B, and C, in which this effect is especially 

pronounced. In case C no increase is justified, since a higher calculated frontal pressure is 

required with reference to the inner bracing of the wings and since the strengthening effect of 

the covering on the wings loses its importance, on account of the great warping stress. 

The 1918 BLV required, furthermore, that the load factors for case C should be taken only 

for the frontal pressures, in order to secure sufficiently strong internal bracing for the wings. 
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However, the moments exerted in case C were to be introduced into the calculation for support¬ 
ing surfaces without introducing a multiplying factor. By this last specification the restric¬ 
tion imposed on aerodynamics by the arbitrary assumption of the air force C at a distance of 
two-thirds of the wing chord below the wing chord, according to the BLV of 1916, was removed 
without intensifying the previous ideas of a sufficient 
static strength. In Figure 29 the resolution of the 
force C into two wing forces is shown. 

The change of the load factors with varying angle of 
attack for the different classes is shown in Figure 30. 
This illustration is based upon the often used example, 
or which the angles of attack belonging to the load 
cases had been computed. The fixed points were con¬ 
nected by a straight line causing an abrupt bend in the 
curves. 

Case C is very inconvenient for the determination of 
strength; therefore proposals for its modification were 
not lacking. The best proposal was that which en¬ 
deavored to fulfill more exactly the aerodynamic re¬ 
quirements. In cases A, B, and D the air forces, acting 
on the fuselage, tail unit, and supporting structure is trivial compared to the air forces acting on 
the wings. In case C, however, this “detrimental force” is considerably higher and can not be 
ignored in considering air forces on the wings. The method of dividing the total air force, the 

so-called detrimental force, and the wing force, be¬ 
tween the wings and the structural parts, brings the 
desired improvement for case C. When this method 
is followed, it must be considered whether or not it 
will be necessary to increase the load factor so that 
the load will not exceed the elastic limit. Thus the 
same conclusion was reached as prescribed in the 
BLV of 1918, requiring that the wing moment 
should be computed without the frontal load on the 
wings, in order to obtain a better internal bracing 
effect -with a multiplying factor. 

The air forces of the wings act directly upon the 
wing coverings. The coverings, made usually of 
impregnated linen and rarely of laminated wood or 
aluminum plates, require no strength regulations 
based on aerodynamic calculations. It is only asked 
that the coverings put on the ribs fulfill the require¬ 
ments concerning the cross-sectional area necessary 
for the aerodynamic effect, as well as the transferring 
of the air forces to the wing ribs. 

Next to the covering, the wing ribs are the bearers 
of the loads which result from air forces, conse¬ 
quently, the ribs must be designed so as to be able to 

carry these loads. Furthermore, as the ribs are exposed to damage and, if built according to 
calculation only, would generally have very little strength, the BLV contains instructions 
to the effect that the moment of the load, case C, must be increased 50 per cent for rib 
calculations. 

The calculation of the ribs has to be based on Figure 15. The loads given there have to be 
multiplied by a factor of the proper calculation class. In Figure 31 the magnitude of the loads 
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of Class V are shown. Attention is called to the nearly identical values of the load on the rear 
two-thirds of the wing chord in all cases. This effect has been obtained through high-load 
factors in case A and small ones in case C. Again attention is drawn to the immense increase 
of the load upon the leading edge in case C. 

2. TAIL UNIT. 

The BLV of 1916 contained the first in¬ 
structions on the strength of the tail unit. 

They were intended mainly as a basis for 

strength tests and less for calculations. The 

assumption was also made that the rudders 

are carried by the fin and consequently the 

loads on attached rudders are also included in 
the fin loads. 

Stipulated breaking strength of rudders and fins. 

kg./m.J 
Fins (alone without load on attached rudder).300 
Rudders attached to fins (without load on fins).... 150 
Rudders not attached to fins and not balanced: 

E and D airplanes. 200 
C, G, and R airplanes.300 

The loads are to be figured for the area of 

the tail unit. The instructions in the BLV of 

1916 presented a method which, neglecting the 

qualities of the wings, the location of the center 

of gravity, and the fuselage length, used only 

the product of the air pressure, air-force coeffi¬ 

cient for the tail unit, and a safety factor. 

The requirements for E and D airplanes 
are based on practical experience with E air¬ 
planes and derived from damages to the rudders 
during flights, which were doubtless the result of 
the air forces. The greater requirements for C, 
G, and R airplanes were based on the assumption 
that the greater moments due to the greater 
inertia of heavier airplanes would, with the same 
flight evolution, cause greater turning moments 
on the tail unit and thus higher specific loads 
on the surface. This assumption, however, 
proved to be incorrect, and the loads for G and 
R airplanes had to be reduced considerably. 

Fig. 31.—Loads for strength calculations of ribs. 

The BLV of 1918 and also of 1916 based the strength of the tail unit on a surface load. 

Load on the fins, rudders, their connecting parts and stays per unit surface: 

For Classes I and II, 200 kg./m.2 
For Classes III, IV, and V, 300 kg./m.2 

These figures contained an addition of 50 per cent to 75 per cent for special stresses, due to 

handling on the ground, or the effect of the propeller slip-stream. 

In the calculation of the fuselage the true loads of the tail unit, which were assumed to 

be of a lower value, were to be used as follows: 

For the average loads on the unit area of the tail surfaces the following values are to be 

taken: 
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Class. 

I. II. HI. IV. V. 

Average surface load (kg./m.2). 120 120 150 180 200 

The load on the aileron surfaces must be taken as 200 kg./m.2 

These values for the surface load of the tail unit, which are the products of air pressure 

air-force coefficient, and the safety factor, are derived entirely from experience. It is interesting 

to know the factors of this product. From the tabulation of Munk it can be seen that the value 

cah = 0.7, which may be regarded as a high coefficient for tail units of common shape. Assuming 

a safety factor of about 2, a value of ^ for the load must be introduced into the above tabulation 

as the mean air pressure of the class. With a specific density of the air 

would correspond to about the following velocities: 

sec.2/ni.4, this 

Class. 

I. II. III. IV. V. 

Velocity (km./hour). 135 135 150 165 175 

The special emphasis on surface load in German tail units has led to the conclusion that 

their dimensions were obtained more from the consideration of favorable strength conditions 

than from the laws of aerodynamics. The method of construction, characteristic of German 

airplanes, namely, short span and long chord, is the result of this tendency. Proposals to 
avoid this drawback were not lacking. 

It is feasible to base the strength calculation on the tail-unit moment which opposes the 

wing moment. It had been shown that the total air force acting on the horizontal stabilizer 
and elevator is given by the ratio: 

(Ju 

and that the maximum value for Jc can be taken as: 

^’mai ~ 1.3 

Although in load case C of the wings, for which this value of fcmax holds good (no safety 

factor being used in computing the moment), it is well, when calculating for the tail unit, to use 

a small safety factor. It is conceivable that in the position which corresponds to case C, a move¬ 

ment of the rudder may take place involving a higher stress on the tail unit. With a safety 
factor of only about 50 per cent, the breaking load becomes 

; _ «'h = 1.5im„^=C^, 

in which c has a value of about 2. 

The numerous tests on the elevator and stabilizer of airplanes which had proven a success 
m service make it p.ossible to determine the value of the factor c. 

In Figure 32 the factor c, obtained from strength tests of a number of military airplanes, is 

given in relation to the total weight G of the airplane. For G airplanes the c values were obtained 
by calculation, there being no test data. 

Go G IV... 

Fdh G Ilia 
G = 3,520 kg. 

6r = 4,935 kg. 

c = 0.57 

c = 0.725 
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With R airplanes from the factory in Staaken the following values were taken from cal¬ 

culated strength tests: 
G = 13,000 kg. c= 1.36 

G = 14,500 kg- c= 1.22 

The great variation of the c values is not surprising when it is considered that the strength 

of the elevator and stabilizer was found according to other than the above-mentioned principles. 

From this tabulation the following general conclusions can be drawn: 

(a) Airplanes of similar construction, coming from the same factory or the same designer, 

have c values which correspond closely. This 

the tested combination of wing chord, fuselage 

Fig. 32.—Factor c in relation to total weight G. 

is probably due to the aversion to depart from 

length, and size of tail units. 

(■b) With lighter airplanes a higher c value 

can be used, a fact which corresponds to the 

claim that a better maneuverability and a 

higher strength is necessary for this type of air¬ 

plane. The high c value of the Staaken It 

airplanes can be explained by the fact that the 

tail units were not built on the basis of a fixed 

surface load, but according to the reasoning 

which originated from the preconceived migra¬ 

tion of the center of pressure of the air forces 

on the wings. The B airplanes of the LVG do 

not fall under this head on account of their 

large tail units and long fuselages, as likewise 

the airplanes of the Pfalz airplane company, on 

account of the small size of their tail units. 

(c) Since the tabulation gives the result 

of strength tests, which for the most part were 

successful as regards strength requirements and 

during which exceptional damages were not 

evident, it is obvious that most of the c values 

are really higher. 

For airplanes similar to the old military 

airplanes in arrangement of wings, center of 

gravity, tail unit, maneuverability, and speed, 

the following empirical formula, in considera¬ 

tion of paragraph (c), can be written: 

This formula holds good for airplane weights between 800 and 5,000 kg. It is plotted in 

Figure 32 and shows that most experimentally obtained c values are lower than those calcu¬ 

lated from the rule. 

The value c = 2, taken from the wings of case C, is reached, according to the above formula, 

only for the airplane weight of 1,300 kg. The other c values of the formula, especially those 

of the strength tests, lie considerably below this figure in case of greater airplane weights. 

From this result, it may be concluded that the required wing moment has been taken much 

too high for greater weights. Even for airplanes of less weight the moment appears too high, 

since Figure 32 shows that many light airplanes which have given no cause for complaint 

regarding strength, possess small c values. It is therefore entirely permissible to reduce the 

requirements for wing strength, on the basis of experience with the strength of tail units. 
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The limit given above for the unit load on the surface of the tail unit is obtained by the 

ratio previously mentioned in the second section of the discussion of the air forces acting upon 

the airplane in straight, unaccelerated flight, the ratio of which must, however, yet be multi¬ 

plied by a safety factor. 
Q' h Gth G 
~Fh cs F 

O' 
For an airplane of the strength Class V, let ^,-=200 kg./m.2 according to instructions. 

G 
Take the unit load on the wing surface as -^=50 kg./m.2 and the factor of safety as 2. Then 

--=2 is not a high value. 
ce . 

In the section of this report just referred to, different load cases for the wings are proposed. 

If the total air force Qh has been obtained in any manner, it is necessary to use the full value Q\ 

static load = ultimate strength, for cases A and B, but for cases C and D one-half of that value 

must be used. For most airplanes any subdivision of the cases is not necessary, and only cases 

A and B must be considered. 

The stipulations for the strength of the empennage are closely related to those for the 

rudders, the control wires, and their fittings. If the calculation is based on the rudder load, 

all steering parts, down to the hand or foot bar, must take up this load. This requirement often 

leads to technical impossibilities in case the rudders, on account of wrong aerodynamic assump¬ 

tions of the distribution of the air forces, receive greater loads than the aviator can exert. If 

the rudder is taken as the origin of the calculation, its strength is decisive for the dimensions of 

the steering parts and fittings. With German airplanes having balanced rudders, a breaking 

load of 80 kg., on the control stick or handwheel, was adopted. With handwheels the force 

was thought to act eccentrically and the steering parts were dimensioned accordingly. With 

every operation of the rudder, a yielding of the wires and their fittings must be taken into 

account. The greatest strength is without value, if the steering parts are so flexible that the 

rudder can not be operated properly under the heaviest load. In consideration of this possi¬ 

bility, instructions were issued that, with full load on the rudder, it must be possible to deflect 
it to either side. 

m. OTHER CONSIDERATIONS IN THE STRENGTH OF AIRPLANES. 

(a) THE LANDING GEAR. 

If the airplane is on the ground, it has to be treated as a rapidly moving machine. The 

wings lose their importance and begin to act only with higher rolling speed or with wind. The 

most important part of the landing gear is the truss, which has been developed nearly every¬ 

where in the course of time to the same shape as that in use to-day. It is attached to two 

supporting points provided across the fuselage and situated a little in front of the center of gravity 

ol the airplane, flhe third supporting point, the tail skid, has to carry a load only when the roll¬ 

ing speed is low. The fuselage between these supporting points withstands the longitudinal 
stresses created by taxiing. 

The loads upon the landing gear depend upon many conditions: airplane weight; arrange¬ 

ment of the truss in reference to the center of gravity of the airplane; wheel diameter and gage 

of the wheels; the latter being of the same importance as the state of the ground and the rolling 
velocity. 

Ihe landing gear and the tail skid have to fulfill a duty independent of that of the wings 

and empennage. Both are exposed to heavy shocks, which can lead to damages. Consequently 

the following fundamental rule was inserted at an early date, in compliance with the Army 
requirements. 

Ihe landing gear is not to be a part of the fuselage truss work on account of exposure to 
damage. 
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The tail skid is not to be an inner part of the fin work. 

It was the intention to eliminate such construction of wings and empennages in which the 

supports of the landing gears were utilized, in order to increase the height of points of suspen¬ 

sion, as the security of the landing gear and also the strength of the wings and the empennage 

were endangered thereby. With German seaplanes and giant airplanes this requirement could 

not be fulfilled. However, precaution was taken to have wing parts, which at the same time 

were parts of the landing gear, built especially strong so that they would not fail in case of 

damage to the landing gear. 

Furthermore, in order to protect the wing structure against damages the following instruc¬ 

tions were issued. 

“Parts which will safeguard the fuselage truss structure must be installed at connections 

for landing gear.” 

These safeguarding parts were so designed that they would break under excessive loads 

and thus protect the more valuable parts of the wings and the fuselage. The Rumpler and 

Fokker companies produced these safeguarding parts very successfully. 

Special attention must be given to the springs of the landing gear, requiring that in com¬ 

pression or tension they must have a range that will prevent reaction shocks or an excessive 

elongation which might allow the propeller to touch the ground. Not considering the com¬ 

pression of the pneumatic tires, a length of 10 to 15 cm. is required, according to the BLY, as 

the correct range for the compression of the springs. The materials used for the springs were 

rubber or wire spirals. Both become weak and defective when used a long time. In reference 

to instructions as to spring movement, the BLV of 1918 gives the necessary height of the pro¬ 

peller circle above the ground. 

With a tractor propeller the distance of the lower edge of the air screw circle, in case the 

wing chord near the body is horizontal, has to be at least 20 cm. from the ground. 

With pusher propeller the same distance is required in case the tail skid rests on the ground. 
Exceptions will have to be agreed to, when tests of the type in question are made. 

In the beginning similar instructions were given for air screws with axis running horizontally. 

This, however, was incorrect, as the position of the air screw when moving over the ground is 

dependent on the angle of attack of the wings and their distance from the wheel axis. The 

start takes place with a small angle of attack in order to obtain a low wing resistance, therefore 

the position of starting is chosen for tractor propellers in which the wing chord runs horizontally. 

The lower the useful load of an airplane the 

greater can be the angle of attack of the wings 

when starting. Some pursuit planes with low 

useful load could be equipped, therefore, with 

landing gears of lighter weight than is required 

in the above instructions. With airplanes having 

pusher propellers, naturally the starting position 

of the airplane does not have to be considered to such an extent when determining the height 

of the air screw. In these airplanes the position of the dropped tail support is decisive. 

Reliable data for the energy absorbed by the landing gear were obtained from experi¬ 

ments with proven landing gears, in which the following method was used. 

Energy in kilogram-meters absorbed by landing gear; with pneumatic tires = total weight 

of the plane in kg. X 0.18 m. With substitute tires = total weight of the plane in kg. X 0.26 m. 

The average energy taken up by the tires is calculated accordingly, with full weight of the 

airplane in kg. X .08 m. For substitute tires, in which the spring effect was seldom appreciable, 

it was generally assumed that no energy was absorbed. 

*.=/ u/f //c> u/ unu(~r\ u/ iu/ <-cro uunu <_ 

Fig. 33.—Loads on landing gear. 
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It is difficult to determine the direction and magnitude of the forces acting upon the 

landing gear. Forces on successful landing gears were studied, and as a result the three follow¬ 

ing load cases were assumed (see fig. 33): 

Upward force at one side (force A); 

Longitudinal force from front at one side (force B); and 

Lateral force at one side (force C). 

The forces A and B as well as A and C have to be assumed as acting simultaneously. 

The assumption, however, is only a little more severe than if all forces are taken as acting 

simultaneously. According to the BLV of 1918, at least the load factors (the static wheel 

load) (with two-wheel airplanes and half the airplane weight) as given in the following tabu¬ 

lation have to be considered: 

Force. 
Factor of the 
static wheel 

load. 

A. 6 
B. 4 
0. 0.6 

The instructions for landing gears can also be applied for the tail skid and for the addi¬ 

tional secondary wheels in front of the main wheels as used by some of the giant airplanes. 

The BLV of 1918 require also that when calculating the energy, the landing shocks of the sus¬ 

pended or rolling landing gear have to be taken into consideration. These instructions did 

not determine the magnitude of the loads. They took the place of the rule laid down in the 

BLV of 1916, which could not be applied to many airplanes and which mentioned that the 

energy taken up by the tail skid should be equal to at least one-eighth of that of the landing 
gear. 

(b) THE FUSELAGE. 

The airplane fuselage carries the pitching surfaces as well as the fuel and the crew. It 

serves also as connecting member between the wings and empennage. It has to be stiff enough 

to resist bending or twisting and of sufficient strength to withstand landing shocks. The 

important military arrangements for observation, attack, and defense require numerous open¬ 

ings detrimental to the strength of the fuselage. Every opening necessitates a careful examina¬ 

tion as to its weakening effect upon the fuselage structure. The BLV demanded adequate 
strength at the rim of these openings. 

All loads must be connected securely to the fuselage structure, especially in the installation 

of the engines when arranged between the wings and resting on the landing gear. 

Damage to the power plant when propeller parts fly off, etc., can also affect the wing 

structure, and to prevent this it was required that the fuselage parts which support the engine 

should not be connected to the wings direct, and moreover, engines between the wings are 

not to be installed in the supporting wings themselves. 

The arrangement of the engine supports, according to the BLV, had to be made so that 

shocks would be transmitted uniformly to the engine and that changes in the shape of the 

fuselage or the wings were not to affect the engine. A shifting of the engine on its base, especially 

when the airplane tilts, was to be made impossible. 

This decision was made especially to protect the crew in airplanes with engines arranged 

m the rear. It was also of importance for engines in front, in regard to the safety of the crew. 

Aside from this, another difficulty was experienced with pursuit planes of the lighter 

type in that the mechanics when working on the airplane would damage important parts of 
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the fuselage which might afterwards cause a rupture of the fuselage while in the air. To avoid 

accidents of this sort it was required that sufficient supporting points, without decreasing the 

strength of the fuselage, should be arranged and equipped with handles where necessary. 

Further instructions of the BLV were: When lying upside down upon'the ground after 

nosing over it must be made possible for the crew to escape from the airplane quickly. This 

caused an investigation as to the strength and aptness of king posts, wings, and other arrange¬ 

ments necessary as a protection for the crew. A weight six times that of the fuselage was 

considered as acting from above, and calculations were made accordingly. With very many 

types of airplanes the upper wing and the tail plane served in a measure as a safeguard for the 

crew when the airplane capsized. 
The first calculations of the fuselage were based upon the full loads on the elevators and the 

tail plane, taken separately, and half their combined loads. 
The load for the strength calculation of the fuselage, according to BLV of 1918, included 

the loads on the empennage acting simultaneously and in full magnitude. This requirement 

is very severe and is justified only in war airplanes for aerial fighting, where violent airplane 

movements are experienced and which act upon rudder and elevator at the same time. These 

loads do not have to be regarded as standard for commercial airplanes, when it is necessary 

to avoid the generally insignificant increase in load due to the dimensions obtained by calcula¬ 

tion from the simultaneous full load on the empennage. 
Ordinarily the wings are connected to the struts belonging to the fuselage. The wing shape 

can not be altered very much, so the best possible rigid structure is necessary. 

The compartment for the occupants must be built stronger than the adjoining parts to insure 

additional safety. Wooden parts, on account of splintering, must have coverings of some sort. 

This method is of value only when the covering material is of sufficient strength. The loads 

on the seats, according to BLV of 1918, with due consideration for the effect of inertia, are to 

be assumed according to the following values: 

Class I and II, at least 200 kg. 

Class III and IV, at least 300 kg. 

Class V, at least 400 kg. 
Besides this, it is required that the strapping arrangement provided shall be connected 

to the fuselage in a manner that it will safely withstand a tension of 300 kg. 

With commercial airplanes, which are not to be exposed to violent movements, this require¬ 

ment is for the pilot only. The pilot is to have, in addition to this strapping, a reliable foot sup¬ 

port for use when making sudden and precipitated landings. The BLV required, therefore, that 

the foot steering gear should withstand a force of 300 kg. upon either side, distributing same to 

the connections of the fuselage. 
Special care has to be given to the connections of the fuel tanks. As to the arrangement 

of filled tanks, according to the BLV of 1918, the following factors for filled reservoirs are to be 

used in the direction of the axis running parallel as well as perpendicular to the longitudinal 

axis of the airplane: 

Class I and II, 8. 

Class III, 15. 

Class IV and V, 20. 
This severe requirement was reasonable only if the tanks should also withstand the effect 

of inertia due to the liquid, without leaking. The requirement is the result of accidents in 

landing, where the exploding fuel tanks, often located under the pilot’s seat in German airplanes, 

had killed the occupants. The remarkably high load factor of the upper class could be required, 

as their use did not cause structural difficulties. With airplanes to which this does not apply, 

the strictness of the requirement can probably be lessened without giving any chance for danger. 
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IV. ANALYSIS OF THE STRENGTH QUALITIES OF THE BUILDING MATERIALS. 

Reliable knowledge of the prevailing loads and of the strength qualities of the building 

material is of equal importance in safe calculations of strength. The manufacturer of airplanes 

finds in the numerous test methods of the materials, introduced in other technical lines, nearly 

everything he needs. He has to be assured, however, that the working outfit is equipped with 

the very best testing tools and will guarantee the production and use of uniform raw building 

materials. 
The German airplane industry still has no standard rules for the qualities of the materials 

like those of foreign countries published by the International Aircraft Standard Boards. 

This need not be surprising, considering that the output of airplanes during the war had been 

developed to such an extent that toward the end about 2,000 airplanes were being made monthly. 

Forced by necessity, the requirements for quality were lowered, but in so doing many good 

discoveries were made. While good airplane factories before the war thought that the wing 

spars could be made only of American silver spruce, sanctioned by tradition from the time of the 

Wright airplane, or, if that were not available, ash could be used. They learned afterwards, 

however, that German coniferous woods could be used just as well. To-day there is no necessity 

for using imported timbers in German airplance construction. When good birch veneer became 

rare, those of alder wood and aspen trees were used, although not with the same success. 

In the beginning the use of seamless drawn steel tubing was thought absolutely necessary. 

When it was impossible to furnish enough seamless drawn tubing it was soon found that for many 

purposes welded tubing could be used. It became necessary, several times, to lower the speci¬ 

fications for steel and other materials. This caused the pessimists of the country to predict a 

serious reduction in strength and a consequent loss of the war. 

In spite of the conditions unfavorable to the development of standards, some experience 

which can be utilized in passenger airplanes was of value and should be recorded. 

_ ^ . (a) TIMBER. 
The BLV of 1918 required that: 

The timber to be used must be dry and of best quality. Wood used for spars, stays, and 

struts must be seasoned and at least one year old. For a better drying effect, the wood must 

remain until it can be worked, either for three weeks in ventilated warm workroom or for six 

days m a drying room. A too rapid drying is detrimental to the wood. Special attention must 

be paid to the direction of the grain (deviations of more than 7° to 10° in any direction are not 

allowed). The wood has to be free from knots, cracks, and resin glands. It may have a light 

blue color in a few small spots, but with greater and darker blue-colored spots it becomes unfit 

for airplanes. Timber with other defects, even to the smallest extent, such as “Rotfaule,” 

mildew, dry-rot, and dead resin glands, is to be excluded. Timber with too many resin glands 

is unfit as it cracks too easily in the veins and the glue does not adhere to it sufficiently. 

Strong clear-grained timber of ash, fir, and pine is to be preferred, and the use of meager 

wood must be avoided. Special attention must be paid to strong grains. Timber cut in the 

year favorable to its growth is to be preferred; but when selecting, the relation between the 

strong winter cells and the soft spring cells, in the annual wings, will determine fitness, the ratio 
being about 2:3. 

The use of full piece wood, not weatherproof, or weak timber such as poplar or alder wood, 

is prohibited. As to use of foreign timber, special permission must be obtained. Regarding 

omestic timber, the use of ash, pine, fir, linden, and locust wood is allowed; alder wood and 
birch are to be used in ply wood only. 

Plywood to be used for airplane work must be made especially and stamped and classified 

by the manufacturer. For airplane parts subject to heavy strain (spars, ribs, etc.) plywood 

f eSlgnated for tllls purplse must be used. The plywood must be water-tight and consist of joint- 
53006—23-20 
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less round wood veneer. The thickness in the centerpiece must be nearly the same as outer 

pieces. Every sheet of ply wood must be tested. 

The gluing together of solid timber or of ply wood to solid timber must be done by the cold 

gluing process, which must be allowed to dry at least 24 hours under clamp pressure before it 

can be worked. Hide glue is allowed only when the glued part is properly warmed during the 

manufacturing process and when completely covered by other wood or by waterproof material, 

so that the dampness can not reach it. 
Highly strained and bent parts are to be made of single strips, glued together and brought 

into bent shape by pressure. Glue, in corners of parts joined together, is not to be removed. 

No foreign material such as linen is allowed between glue and wood. 

The surface of the timber must be made durable under the effect of the weather, especially 

at the glued portion. The wood on the outside must be painted with spar varnish. 

As to construction of wooden parts, the following recommendations were received verbally 

from the BLV in 1918, and are quoted as follows: 

Spars, longerons, and struts must not be drilled through, if it can possibly be avoided. 

Where holes are absolutely necessary for bolts, a reinforcement of some kind must be used 

Every reinforcement must be enlarged at the end or rounded off so that the attacking forces 

will be distributed. The total cross-section of the reinforcements must equal that of the hole. 

The pierced member must be sheathed in order to prevent splitting. 

Spars, longerons, and struts must not be made out of one single full piece, but must always 

be glued together lengthwise out of at least two pieces and in such a way that the forces acting 

in the wood are balanced, i. e., the right side has to be glued in such a manner to the right side 

of the other part, that heartwood touches heartwood and sapwood touches sapwood. Under 

all circumstances the holes must be bored with a boring jig before erection. 

Splices must be in the form of a wedge (scarf joint) having a slope of 1 to 12 and glued 

together. The direction of the forces, when a splice is used, must be parallel to the surface of 

the slope. Splicings in adjacent members must be separated by a distance equal at least to one 

splice in length. Splicing must not be used at points subject to strain, but must be arranged as 

shown on the working drawings. If channeled pieces are to be spliced, the channeling must be 

omitted at points where the splicing occurs and also for a distance of 5 cm. to either side of the 

splice. When parallel members are glued together the channeling may be continued in portions 

of one member opposite the splicing in the other. 

Plywood must be overlapped a distance equal to at least 25 times its thickness, and in no 

case less than 40 mm. An exception to this will require special permission. 

Wrapping or covering is required for all wooden parts near seats as a protection against 

possible injury from splintering (plywood fuselage covering excepted) and also for landing 

gear struts. 

All spars, longerons, and struts must be securely joined by shoes, sockets, or recesses against 

moving or turning. 

This extract from the BLV of 1918 requires no explanation. Instructions regarding 

foreign timber and the stamping of plywood were made for war purposes and are to-day of no 

value on account of the small output. Tests on spliced spars determined that routing could 

be continued through the splice. Although this result, confirmed in other ways, favors through- 

going channeling, it must be clearly understood that the saving in weight is generally insig¬ 

nificant and that this continuous channel is justified only as a manufacturing necessity. 

A satisfactory strength and elasticity factor for calculations of timber can be obtained 

only through frequent tests. Samples of wood which are to be used for members subject to 

compression and bending must first be tested in accordance with instructions given in the 

BLV of 1918, as follows: 

A section of spar corresponding in length to one compression bay is loaded eccentrically 

by the force S at the distance a. 
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The eccentricities are chosen to give the equation: 

if _ Sa 
Mm™~ (l !~S\ cos Gm) 

In this formula E is assumed as 140,000 kg./m.2 and Mmax as to the value obtained from 

rough calculation. 

A more exact value for E is obtained from the greatest deflection measured at the middle 

of the spar with a breaking load on the strut (fig. 34), according to the equation: 

l IS _ 1.0 
2\ EJ 1.0 + 5 

max 
a 

Fig. 34.—Test of spar. 

(b) METALS. 

The chief property required in sheet metal for airplane construction is high tensile strength. 

It must also endure bending while cold and weld autogenously. High strength values are 

generally not as important as ductility, requiring at least 20 per cent elongation. 

The BLY of 1918 required that plates dess than 1 mm. thick must not be welded when 

used in members subject to heavy stresses. In the case of members under tension welding 
is forbidden. 

The requirement of the BLY very often was not followed, and yet no trouble was expe¬ 

rienced; the Fokker airplane factory, for instance, sent many hundreds of airplanes to the battle¬ 

field without experiencing any accidents. Welding depends largely upon the ability of the 
workmen and is admissible only when done by competent welders. 

Joints at important points of cables in tension were made by splicing the several strands. 

This material was given preference over single wires, and was frequently used in England on 

account of its flexibility and the advantage afforded for the formation of eyes. 

The strength of a single strand of this cable must not be taken too high, due to its brittle¬ 

ness. Strength values of 200 and 220 kg./mm.2, with an elongation of 1 per cent for single 

wires have been used successfully. The elastic qualities of the cables depend upon the pre¬ 

ceding test, but are to be carefully verified through strength calculations. Such cables which 

are used for the controls and are run over pulleys were given a lower strength value. It was 

thought necessary in this connection that the single wires should have a strength of 180 to 200 

kg./mm.2 and an elongation of 2 per cent. In fuselage and wing structures and in framewmrk 

vdiich is seldom disassembled, wires of the following properties were used: Strength values 
of 140 to 160 kg./mm.2 with an elongation of 5 per cent. 

In the construction of German airplanes the use of duralumin became more general. This 

vr °^i C°nsisti^ chiefly aluminum, was sold under the name of duralumin by the Duren 
i etal Co., Duren (Rheinland), and also as Berg-metal by Carl Berg, Eveking (Westfalen). 

Its composition, besides certain impurities, is: 

Aluminum, 95.5 to 93.2 per cent. 

Magnesium, 0.5 per cent. 

Copper, 3.5 to 5.5 per cent. 

Manganese, 0.5 to 0.8 per cent. 
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A mixture of lead, tin, and zinc unfavorable to durability, are not contained in duralumin. 

The specific gravity, according to the alloy and hardness, is 2.75 and 2.84. The qualities of 

duralumin depend largely upon treatment while it is warm, during the process of manufacture, 

and while it is being worked. Its strength value is about 35 to 40 kg./mm.2, and the elonga¬ 

tion about 10 to 15 per cent. The elongation limit value is very high, about 28 to 32 kg./mm.2 

The modulus of elasticity is about 600,000 to 700,000 kg./cm.2 Sheets of duralumin, especially 

when about 1 mm. thick, are very brittle and sensitive to frequent bending. Plates which are 

exposed to vibration should not, therefore, be made of duralumin. For structural parts which 

are subject to a heat of more than 100° while being worked the use of duralumin can not be 

recommended; in fact, it would be dangerous. Cold does not have a bad effect upon duralumin. 

Working parts which are annealed in order to facilitate machining are afterwards heat treated 

and restored to the original qualities. Duralumin can be brought in contact with iron or steel 

without danger of electrical decomposition. 

For less important structural parts a very light alloy composed of magnesia and aluminum, 

“electron/7 manufactured by the Chemical Works, Griesheim, has been used. With electron 

the difficulties are the liability of fire in the turnings and also its inconsistency under weather 

conditions, the latter being remedied only by use of a very good varnish. Electron in larger 

and more solid pieces, however, is fireproof. 

(c) FABRICS. 

These materials were nearly standardized. The specifications originating during the first 

year of the war, and maintained throughout, called for a tensile strength parallel to the spars of 

at least 1,000 kg./m.1 and parallel to the ribs of not less than 700 kg./m. before doping. As 

the woof is stronger than the warp, the woof is usually placed parallel to the spars and the 

warp parallel to the ribs. 
As soon as the impregnated material placed over the ribs became dry, the doped fabric took 

up the main tension. The more the elastic properties of the material approaches that of the 

doped, the greater will be the tension carried by the fabric. Therefore, the elastic value of the 

fabric must be kept very low. Prior to 1918 it was the rule that the elongation of the unimpreg¬ 

nated material should not exceed 7 per cent and that the doped fabric must yield to an elonga¬ 

tion of 2 per cent without cracking the dope film. 

A. Proll in numerous tests based upon previous investigations by Haas and Dietzius, published 

by the ZFM and the TB, took up the matter of requirements for fabrics and doping materials. 

He came to the conclusion that, for an airplane with a factor of safety of 5, the maximum 

stress exerted on the most subjected portion of the covering, under the most unfavorable con¬ 

ditions, will be 700 to 800 kg./m. 

It is preferable to calculate for fabrics on the basis of a factor of safety of from 6 to 8, so that 

a tensile strength of 900 to 1,200 kg./m. can be assumed for the doped material. As the strength 

of the raw materials used up to the present time increases from about 40 to 75 per cent if coated 

five times, giving the doped material therefore a strength of about 1,600 to 1,800 kg./m., it is 

feasible to take the strength of the raw material below the adopted figure of 700 to 800 kg./m. 

It can not be said as yet how much below that figure the strength can be taken, as commercial 

airplanes are using a somewhat higher specific load upon the surface of the fabrics, which are 

also exposed to longer and more violent weather conditions than those of the airplanes used in 

the war. Also, in the case of airplanes not properly cared for, the breaking of the dope film, 

which reduces the strength of the fabric about a half, must be taken into account. 

The fastening of fabric to the ribs requires special attention. In Germany the material at 

first was only nailed to the ribs, but later on sewing was required at this point. The seams 

were made in such a way that they could not become undone, even if the thread should break. 

The pieces of fabric are joined lengthwise, or parallel to the woof, in order to maintain at least 
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the strength of the fabric alone. According to the BLV, this is accomplished by use of carefully 

sewn flat seams and by gluing strips of material over the seams. 
Important investigations as to seams were conducted by Griiter, as given in the ZFM. 

V. CALCULATED STRENGTH OF AIRPLANES. 

The basis of the strength analysis is the exact knowledge of the total airplane weight. 

The Flz had as their guide the following instructions, taken from the BLV of 1918: 

The total weight of the airplane consists of the dead and the useful loads.—The useful load is 

given in accordance with requirements of the Army, as follows: 

Occupants with equipment, fuel and oil (with the exception of the oil in the engine housing), 

bombs, arms with ammunition, radio apparatus, cameras, and special instruments which are 

not rigidly installed. 

All other wreights are contained in the dead load of the airplane, such as cooling water, bomb¬ 

ing mechanism, fastenings for arms and wireless apparatus, the latter receiving special mention. 

The requirements further state that the airplane can be loaded to the highest permissible 

overload above the stipulated useful load, but this does not apply when figuring strength. 

This subdivision was made in accordance with the needs of the troops intending to obtain 

a wider range of possible loadings. The highest permissible overload was given so that when 

used in calculations of strength an airplane would be placed in a lower calculated class. This 

could be done with most of the airplanes without hesitancy, if attention were paid to the fact that 

during the flight with an overload only those flight evolutions are made which correspond to the 

lower class. 

With commercial airplanes the requirements are different. It is not advisable that pilot, 

fuel, and oil be counted as “useful load,” as this will lead to difficulties in the adjustment tariff 

and customs. The introduction of the overload creates difficulties in obtaining insurance, as 

the insurance companies are inclined to consider the safety of airplanes as generally more 

endangered. For commercial airplanes the following tabulation is given, in which the “addi¬ 

tional load” is an approximate substitute for the “useful load” used for Army airplanes. 

Dead load (weight of the finished airplane, including the essential accessories and equipment, 
without fuel, water, etc.). 

Useful load (weight of the crew, of the detached equipment and the fuel (water, fuel, and oil, 

with full tanks), and weight of passengers and baggage). 

Full load (total weight of airplane with maximum authorized load). 

The actual airplane weight can be obtained only by weighing the finished airplane. It will 

always be possible, however, to determine with sufficient accuracy, from the plans upon which 

new types are built, the weight of the useful load, ballast, power plant, fuselage, wings, equip¬ 
ment, etc., and also the total weight of the airplane. 

Ihe total airplane weight, the moments of inertia, the horsepower, and the specific surface 

load all determine the selection and classification of the airplane. The load limits proposed in 
the BLV of 1918 are: 

Class. Total load (kg). Useful load (kg). 

I. 
o 

Over 5,000. . . . 

1,000 to 2,000. 
800 to 1,500. 
400 to 800. 
Less than 400. 

II. Over 2,500 to 5,000 . 
Ill. Over 2,500 to 4,000 . 
IY. Over 1,200 to 2,500 . 
V. Less than 1,200 . 

1 

These figures also give an idea as to weights for commercial airplanes if the so-called addi¬ 

tional load is substituted for the useful load. Many specialists advocate the building of commer¬ 

cial airplanes with higher load factors. The writer, however, is of a different opinion, as greater 

oad factors necessitate a strengthening of all parts, which is not necessary for commercial 
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airplanes, as they are never subjected to the same flight stresses as those experienced by the old 

war airplanes. If, on the other hand, it should be decided to strengthen only the members 

which are subjected to the greatest stresses, the requirements for commercial airplanes would 

probably be better met. This, however, would place the airplane in a lower class. 

After performing the first part of a strength calculation, i. e., determining the total load 

and the various other loads and the calculation class, the moments on the wings, the empennage, 

the fuselage, the landing gear, the steering mechanism, and other structural parts must he com¬ 

puted in accordance with instructions in Sections II and III. These latter results will give the 

basis for the strength calculation. 

The distribution of the loads on the wings must be considered separately for each of the 

four load cases. The loads in this case do not include the weight of the wings, as it is nearly 

always assumed that the wings carry themselves. The wings are considered as a load only in 

cases where the relative position of the power unit is such as to make the wings a part of its 

structural support. 

After determining the general distribution of the loads on the wing surfaces, the load upon 

ribs and spars are determined. The stresses at the joints of the cells must be taken first, however, 

with the assumption that the joints will operate in any direction. To attain a more accurate 

calculation it is advisable to reconsider the assumed loads in accordance with Clapeyron’s 

formulas. In this process the strut forces are sufficiently determined. The graphic or analytic 

method can also be used. 

J. Ratzersdorfer published recently a useful tabulation of literary works relative to German 

and Austrian airplane statics. 

A. von Gries, who succeeded in developing the department of airplane statics in Flz to 

such an extent as to make it a great institution, and who was its head until the summer of 1917, 

has published many experiences gained in this capacity in a book entitled “Airplane Statics/’ 

the reading of which would undoubtedly be worth while. 

Messrs. Bethge and Lewe are preparing a book on airplane statics which will be issued under 

the title “Manual of Airplane Statics.” This work was edited by a former commander of the Flz, 

Maj. E. Wagenftihr, with the assistance of Department of Aircraft and Motor Cars. It is not 

the purpose of this paper to deal with airplane statics. The references are made merely to show 

incidentally the development of airplane statics. 

The structure of the wings is statically indeterminate for most part. The forces on the 

compression ribs are also considered, according to Reissner’s proposal, as statically indeter¬ 

minate values. The equations of elasticity effect ordinarily the main wires and the com¬ 

pression ribs only, the elongation and bending stresses in the spars and struts being neglected 

on account of their small magnitude. The attachments for wings are generally considered 

to be rigid. For airplanes with many openings in the fuselage, this assumption is not to be 

taken as absolutely correct. The resulting nonrigidness possible in this case must be thoroughly 

investigated. If the forces are determined according to the method for statically indeter¬ 

minate structures, the calculation of the stresses in the wing structure, spars excepted, is not 
difficult. 

The sizes of the antilift or landing wires obtained from the wing calculations are for classes 

III to V only; or, in other words, a load equal to six times that of the wings must be used. 

Experience has taught that the section of these wires should not be less than 70 per cent of 

the corresponding lift wires. This comparison must be made in determining this section. 

Until the outbreak of the war it was considered sufficient to assume the spars to be flexible. 

This was correct for the spars with strongly reinforced joints and fittings. The breaking stresses 

and cross loads were determined by the following simple equation: 

M, max 
gj_ 
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where: s = (cm.) the free length of the spar. 
g= (kg./cm.) the cross load on the spar. 

P = (kg.) the pressure lengthwise. 

E=(kg./cm.2) the modulus of elasticity. 

7= (cm.4) the moment of inertia of the section. 

With the encouragement of the WGL, H. Reissner and E. Schwerin made investigations 

as to strength formulas for airplane spars, and the results were confidentially distributed in 

the summer of 1916 to the German airplane factories and recommended as instructions for the 

calculation of spars. Reissner and Schwerin used the formulas published by Miiller-Breslau 

for a girder exposed to pressure and cross load and doubly supported, with a definite force 

acting upon either end. 
This important work of Muller-Breslau has become a general theorem in airplane statics. 

As this publication is out of print, the theories are given in Part VIII (3). Special attention 

is called to the figures obtained from the Flz tabulations giving y values which are absolutely 

necessary for the spar calculation. The values are for continuous spars resting on several 

supports and are divided into equations which can be called enlarged Clapeyron’s formulas. 

The correct application of this equation is of particular importance in determining the 

strength of the spars. Uniform strength in all spar bays is possible only for equal values of a 

in each bay. In this case inflection points occur at the strut points, and the moments there 

become zero. Usually the strength varies from bay to bay, and the inflection points do not 

come at the points of support. The buckling strength can then be determined in the following 

way, neglecting transverse loads; the determinant of the denominator corresponding to the 

values of \p for the different bays must be examined for increasing values of the load factor. 

When the determinant of the denominator first becomes zero the weakest bay fails. For further 

increases in the load factor, the determinant of the denominator is either greater or less than 

zero until the second weakest bay fails, etc. The investigations of the determinant of the 

denominator for various load factors is necessary, as any result other than zero means either 

surety against failure or overlapping of the safety range of two bays. 

The determinations of the zero value of the determinant of the denominator are only cor¬ 

rect if the modulus of elasticity under all stresses is unchanged. This, however, does not happen. 

The Flz therefore recommended in the BLV of 1918 the use in the strength calculation of a 

modulus of elasticity obtained from raw material tested nearly to the point of failure. The 

modulus of elasticity at the breaking point is smaller than that for lower stresses. Conse¬ 

quently, the calculations made with smaller load factors not so near to the breaking point 

resulted in greater deflections and higher stresses, which in reality do not exist. This condition 

is a great disadvantage for checking experimentally the deflections of the spars, which are found 

to be smaller than those computed with the modulus of elasticity at the breaking point. As 

the Flz has made, regularly, tests on wing strength up to the breaking point and finding the 

results compare with those computed with breaking loads, less consideration was given to 

this point. When the costs involved in the regular breaking strength tests made them pro¬ 

hibitive, greater attention was given to calculations, using smaller load factors and their modulus 
of elasticity. 

As the strength calculations of wings are verj^ extensive and consume a great deal of 

time, only formulas can be used in which the load factor is such as to permit a retesting of the 

wing by sand loading without causing any damage to the structure. During flight about half 

the value of the structural strength load is experienced. Such loads are of short duration, 

however, but in a test the load is sustained for a considerable length of time; therefore a load 

factor of 40 per cent of the highest factor is recommended for sand tests. 

Those structural parts which to a great extent are exposed to damage in shipping, erection, 

and repairing must have, according to BLV of 1918, a strength that will withstand an excessive 
stress of 200 kg. 
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This applies especially to struts, cables, wires, turnbuckles, and connections for wing 

wires. When requiring an equally excessive strength for all structural parts, regardless of size 

or dimensions, an exception may be made in the case of parts which on account of their dimen¬ 

sions are subject to less severe stresses. 

According to BLV of 1918, the longitudinal force for struts must not only be lower than 

the value for Euler’s failing load, but must be less than half the breaking load. This involves 

a guaranty that the deflection does not exceed one two-hundredths of the strut length under 

a load equal to half the breaking load. 

This requirement is always fulfilled if the following length s (cm.) does not exceed: s = A + 

t/B+A 2 

where 
„ E T 
^~50 Kh 11 ’ 

B= 10 -M- i2; and 
-fib 

E (kg./cm.2) = modulus of elasticity; 

Kb (kg./cm.2) = ultimate stress in bending, depending only on the quality of the material; and 

h (cm.) = distance between the extreme fibers; 

i (cm.) = the radius of gyration, depending only on the geometrical section. 

The precaution adopted by Miiller-Breslau is necessary, as the initial tension of the cables, 

in order to obtain a rigid wing structure, is sometimes of greater importance than the air forces 

themselves. As long as no method was known by which the initial tension could be independent 

of rigging strains, the danger of overtightening is especially great for the weaker outer struts. 

If the length of the compression members is so short that Euler’s failing stress rule does 

not apply, the Tetmayer formula must be used according to BLV of 1918. This occurs if the 

s 
section of the strut has a radius of gyration such that -. amounts to 105 for steel and to 110 for 

% 

timber. 

According to BLV of 1918, fittings, plates, connections, turnbuckles, and other parts 

difficult to replace, are to be designed with greater strength than their connecting wires, so as 

to make it possible in case of accident to salvage these parts. 

VI. STRENGTH TESTS OF AIRPLANES. 

The practical tests of airplane strength must prove that the loads multiplied by the load 

factors for a certain safety class are taken up by the structural parts of the plane. As has been 

explained in the introduction, Part I, the DVL of Germany had worked out the first fundamental 

rules for such strength tests. The production of reliable types of airplanes for the Aviation 

Corps induced the Flz to maintain a specially well-fitted testing station in which wings, fuselage, 

empennage, steering mechanism, landing gears, and important interior structures of all B, C, D, 

and E airplanes, as well as of some G planes could be investigated. The test methods used for 

about 2,000 wings and about 200 airplanes are described in the following paragraphs: 

(a) WINGS. 

The wing test is the most important and oldest of strength tests and was considered as 

standard until stress analysis was required by the authorities. When the BLV of 1916 was 

issued the instructions were given for strength tests. Through a systematic study of the 

weakest structural parts and by increasing their strength in later designs, the actual strength 

of the wings was successfully brought above that of required failing limit. This increase in 

wing strength meant the raising of the specifications which had to be followed in the construc¬ 

tion of wings. This was justified, however, as the materials, becoming more inferior toward 

the end of the war, made it desirable to have higher structural safety. 
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When the BLV of 1918 was completed the results from strength tests of wings, up to that 

time, were compiled. According to this issue a wing test had to determine not only the load 

factor required for wing calculation but also the fracture which would happen after a load 

limit was reached. This condition, affecting parts used as reinforcements, was not considered 

in former calculations. As previously stated, the wing fabric covering the leading and trailing 

edges and extending from rib to rib had a stiffening effect on the structure which, especially 

in medium-sized airplanes, could become considerable. The magnitude of this effect is difficult 

to determine. 
With the more recent types of airplanes, having a leading edge constructed of plywood 

secured to the spars, this increase in stiffness will be greater; while with large wings, it is less 

apparent. 
According to the BVL of 1918, the following table for the strength test of wings was con¬ 

sidered as conclusive: 
Load, factors for strength tests. 

Class No. 
Case A (pull¬ 
ing out of a 

dive). 

Case B 
(glide). 

Case C 
(dive). 

Case D (fly¬ 
ing upside 

down). 

I . 4.0 2. 5 1. 2 
ii . 4. 8 2. 6 1. 5 
hi. 5. 5 3.2 1. 75 2. 8 
IV. 5. 8 3. 3 2.0 2.8 
v. 6.5 4.0 2.0 3.5 

The DVL published in 1916 the methods used to test the strength of wings. At that time 

they conducted an investigation corresponding only to about a case A of to-day. The idea 

for producing an imitation of the natural air forces is followed somewhat, even to-day. 

The wings have to be taken as self-supporting; therefore a single load must be introduced, 

minus the weight of the wings GF (kg.), as weight G (kg.) of the airplane. In strength tests of 

wings the air forces are represented by sand loads. The wings for this reason have to be sus¬ 

pended upside down. The weight of the wings therefore acts as a load on the wings. The 

required load factor V is therefore associated with the above-mentioned quantities in the follow¬ 
ing relation: 

r/ P T Gf j 
v=g=Gr’ 

P= V (G—Gp) —Gf. 

Here P (kg.) equals the test load to be distributed over the wings. In this load the weight 

of all parts which are to be attached to the wings must be included and the load distributed in 

accordance with instructions regarding air distribution over upper and lower wings (Pt. I). 

The arrangement of the sand loads in layers reproduces the magnitude of the air forces 

and in the adjustment of the angle of the wing chord the direction of the wing forces are repro¬ 

duced, the height of the sand pile being insignificant in this case. Test sand of a 1.67 kg./m. 
v eight requires for a specific surface load of 40 kg./m.2 with F=5 a mean height of only 12 cm. 

This low height of the sand renders if difficult to demonstrate clearly the air forces. 

Several auxiliary methods have been tried for erecting a sand pile. Frames could not 

be used, as they would require a small loading pressure upon wings, and furthermore they 

could not clear the obstructions at joining points or conform to wings of different chord lengths. 

Frames of a width equal to the wing chord and with a plan construction coinciding with the 

linear shape of the sand hill and with a capacity corresponding to the lateral distribution of the 

sand would have to be constructed specially for each wing shape. Neither can they be used 

oi v ings of var\ing chord length, as they are difficult to manipulate and require considerable 
time for making the test. 
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The most adequate test method proved to be a subdivision of the wing span into areas 

subject to equal loads. This test method has the practical advantage in that the same meas¬ 

uring weights are always applied and that buckets having the same standard capacity could 

be used. This area distribution is indicated by partitions erected upon the surface in such a 

way as not to strengthen the wing structure (fig. 35). 

The corresponding areas to the right and to the left on the upper and lower wings are 

given the same consecutive number, and when the test is made they are called off by the test 

assistant. In apportioning the different loads on the wing tips of the upper and lower wings 

and on the unequally shaped portions a different size and omission of areas is required in the 

proper rotation. The wing loading is done under the directions and supervision of a testing 

assistant, who is seated in a position which enables him to observe the entire procedure. The 

sand is placed simultaneously into the areas of the same number, thus maintaining an equal 

load distribution. The distribution of the sand in the direction of the wing chord is done with 

rakes in the hands of especially trained assistants. 

During the war it was customary to use a complete airplane for wing tests. This method 

was advantageous in that the important fuselage joints and the wings were tested at the same 

time, and in this way accidents could more readily be avoided. Furthermore, the funda¬ 

mental mistakes in construction could be accounted for more easily in the breaking of both 

wings simultaneously than in the breaking of one. The test on both sides is, of course, more 

expensive than the one-sided test; so if a considerable saving in cost is necessary, the testing of 

one side is to be employed (see fig. 35). The structure in this case consists of heavy structural 

steel, with attachments and joints for the wings similar to those on the fuselage of an airplane. 

The construction of these attachments and joints, however, is always a special technical task 

and frequently is possible only with new designs which are not as yet in use on an airplane. 

The additional cost, however, does not equal that of the two-sided test. The one-sided method 

does not, of course, test the fuselage structure, but this can be done with a testing machine for 

that purpose. With due consideration for the preceding statements, the one-sided test has its 

advantages, in that the discovered failure of defects can be remedied in the other wing, thereby 

preventing a similar failure. 

In cases A and D the conditions representing the air forces can be harmonized without 

special difficulty. 

The wing chord in case A is in a horizontal position, while in case D it is inclined 1:4. 

The wing test of the Fok E V (6r = 610 kg.; Or = 73 kg.) for case A is shown in Figure 36. 

With a load of 190 per cent of the required fivefold load, that is to say, with 9^ times the sand 

load (about 5,050 kg.), a failure occurred in the right wing at a distance of 1.85 m. from the 

center of the fuselage and also in the left wing at a distance of 1.15 m. from the same point. 

For cases B and C, in which the air forces are equal but opposite to each other, a repro¬ 

duction of the forces is difficult. For case B the representation of the air forces, acting upon 

the leading edge of the wing from above, is neglected. The sand is placed exceedingly far 

back on the wing, so that the resultant of the air forces is correct. If the ribs can be regarded 

as sufficiently rigid, the supporting surfaces of the wing (but not the ribs) receive a loading 

which produces the correct result. The air forces acting in the opposite direction are not 

reproduced, and as a result the ribs are overloaded at the trailing edge. In consequence of 

this wrong method of testing, the trailing end of the rib is made stronger than necessary for 

the air forces experienced during a flight. The great strength in the trailing edge of the wings 

is, however, advantageous for taking up the high tension in the wing coverings. 

In case C the sand can not be used on the wing, as the air forces act parallel to the wing 

chord. A reproduction of the load in this case is accomplished in the use of a wood truss pro¬ 

jecting approximately at right angles to the wing chord, from which sand boxes are suspended. 

The lever of this truss is to be made of such length that in the testing of biplanes having truss 

wiring the moments and frontal force can be reproduced as nearly as possible in accordance 

n 



Fig. 35.—Structure for wing tests. 

Fig. 36.—Wing test for Fok E V. Load case A. 

■H 

Fig. 37.—Wing test for Aib. D Va. Load case C 



V 
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with the requirements. The exact reproduction of the front force can, preferably, be omitted. 

The wing test on the Alb D Va, case C, (G = 935 kg.; GF, including the filled radiator in the 

wing, weighing 145 kg.), is shown in Figure 37. With a load 2.32 times the required load and 

with a frontal force of 1,830 kg. and an average value of 2,400 kg./m., for the turning moment, 

a failure occurred in which the upper wing was torn apart at the center, while in the lower 

wing warping resulted throughout. 

The exact knowledge of the wing deflections in loading is of special importance and should 

be compiled. The DVL employed, in the beginning, the method of noting the deflections on 

plates arranged at the side of the wing 
Front spar 

_ 

Rear spar 

_1_1_i_1 

I 

Completely restored after unloading 

Scale of length I.'IOO Length / 

•• deflection FRO Deflection 5 

Fig. 38.—Deflection of spars of Fok E V for case A with load 5 times the 
required load. 

and the photographing of a white line 

painted on the edge of the wing, indi¬ 

cating deflections under the different 

loadings (see fig. 35). This method 

had the disadvantage in that the im¬ 

portant deflections of the spars were 

insufficiently indicated. The Flz, 

therefore, used tubes containing wooden 

measuring rods connected in sufficient 

numbers to the spars and joints. In 

this way the deflections were measured. 

A number of successful readings (figs. 

38 to 41) were obtained by this method. Unfortunately, these results are useful only to 

show elasticity and torsion of the wings, and are not to be used in checking strength calcu¬ 
lations. 

A deflection of the wings, though unimportant in consideration of strength, can be fatal to 

the aerodynamical qualities. The BLV of 1918 required, therefore, that in the case of mono¬ 

planes and biplanes without external trussing or with trussing in one vertical plane only, the 

warpmg between the spars, measured at the wing tips, should not be more than 5° as in 

case A, or 10° as in case C. In the Fok E V (fig. 36) test for case A, the deflections occurred 

Front spar as shown in Figure 38, resulting from 

U4-1_=!--L fhe application of the required 5-fold 

load, wdiich is equal to a sand load of 

about 2,600 kg. The difference in the 

deflections of the wing spars as measured 

at the wing tips averaged 8 mm. with 

a spar length of 420 mm.; this would 

cause a chord inclination of about 1°, 

which would be permissible for case A. 

Figure 39 shows the deflections 

for the same Fok E V test for case B, 

with the required 3.5-fold load, which 

. equals a sand load of about 1,800 kg. 
the deflections of the spar increased, averaging 16 mm., while the inclination of the chord 

was about 2°. In case C the difference in spar deflection was not measured, but it can be 

assumed that the chord inclination remained within the permissible limits, as the wings did 

not break until 116 per cent of the required 2.5-fold load had been reached. 

An example of deflections in the biplane Han Cl V (G= 1,050 kg. ; GF, including the filled 

gravity fuel tank =135 kg.) is given in figure 40 with a load three times that of the required 

oad, case D, and in Figure 41 with 3.5 times the required load, case B. In both cases consider- 

a e elongatlon was observed in the lift wires. The spars were located 550 mm. apart. The 

warpmg of the spars in case B amounted to 0.667° in the upper and to about 4.5° in the lower 
wing. 

Completely restored after unloading 

Scale of length I.'IOO Length * / 

" deflection FBO Deflection 5 

Fig. 39. Deflection of spars of Fok E V for case B with load 3.5 times the 
required load. 
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Front spar of the upper wing 

Front spar of the tower wing 

The disagreement between results obtained by calculation and those obtained through 

tests on the finished product has not as yet been accounted for. A method that will correct this 

difficulty must be produced in future work. 

As a matter of economy, it is imperative that extensive strength tests be discontinued 

and that every effort be made to develop improved methods of analysis. Furthermore, wherever 

possible, the same wing shall be used 

for all load cases. In resorting to this 

measure every precaution must be 

taken to prevent a complete breaking 

of the wings. This may be accom¬ 

plished by placing blocks under the 

wing spars in such a way as to prevent 

excessive deflection or warping, which 

might result in serious damage. The 

more efficiently a device of this sort 

is erected and operated during the 

test, the more easily the slightest 

indication of a break can be detected. 

By exercising care in use of this 

method, all load cases can be tested 

with one pair of wings, and rarely will 

another wing have to be sacrificed. 

There is an objection, however, to use 

of the same wing in that the results 

for the final strength test will not be correct on account of the wing having been subjected to 

so many different loads. But, on the other hand, if a wing still retains its resisting qualities 

after these loadings, it is an indication that the wing is certainly not too weak. 

The strength test on the complete wing does not indicate with sufficient accuracy the 

x = Change of angle of incidence at strut 

Scale of length I'.IOO Length 

" deflection FCO Deflection 5 
Fig. 40.—Deflection of spars of Han Cl V for case D with load 3 times the 

required load. 

strength of the individual parts. Ribs, 

spars, fittings, and joints each require 

a special investigation, which can be 

conducted either on machines or on 

special devices. The importance of 

a test on the rib is especially recog¬ 

nized. The best method is probably 

that of placing the loads simultan¬ 

eously upon several ribs, connected 

together and braced against lateral 

movements as accomplished in the 

complete wing. If a test is made 

on a single rib, special attention 

must be paid to lateral bracing. 

The loading must be done carefully 

and in accordance with aerodynamic 

principles (see figs. 15 and 31). Fre¬ 

quently this necessitates the use of 

a system of levers so designed and 

Front spar of the upper wing 

- 

Rear spar of the upper wing 

-f 

4 

Front spar of the lower wing 

Rear spar of the lower wing 

x =■ Change of angle of incidence at struts 

Scale of length I.'IOO Length _ j_ 

" deflection /■' £0 Deflection 5 
Fig. 41.—Deflection of spars of Han Cl V for case B with load 3.5 times the 

required load. 

assembled that the total load is subdivided and distributed in a manner similar to that 

experienced in actual flight. The rib test is also of special importance, as designs made 

from strength calculations have been found too weak for use. 



v 

Fig. 42.-*-Fuse I age test for Ru D I 
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(b) EMPENNAGE AND CONTROLS. 

The strength test of the empennage does not involve special difficulties. The elevators 

are usually tested to withstand pressure from above. Associated with this test is that for 

the control mechanism. The latter test requires special attention, since flexibility and friction 

must be determined at the samp time. With an equal load applied to the elevator and the 

control mechanism simultaneously, the difference in the forces gives the friction. The flexi¬ 

bility of the control mechanism is measured by the deflection of the elevator with the stick 

held rigidly. The tests on the empennage and the control mechanism have led to the correction 

of many faults. Tests of the control mechaniam while in use are not considered necessary, 

since an ample factor of safety is assured by the use of large pulleys and specially constructed 
cables with hemp or paper cores. 

(c) THE FUSELAGE. 

Steel. 

Hoist 

_ Releasing 
device 

In the early summer of 1914 the DVL, for the benefit of the Aviation Corps, made compara¬ 

tive tests on fuselages, using the strut and wire type made by the LVG (Luftverkehrsgesellschaft) 
and the monocoque type made by the Alba- 

tros Co. 

In the fuselage tests conducted by the 

Flz the upper portion of the fuselage near 

the wing and the lower portion near the land¬ 

ing gear were attached to a rigid support, and 

both fin and tail plane were fully loaded. The 

attachments unfortunately often caused diffi¬ 

culties which frequently resulted in breaks. 

These tests revealed that the cockpits and 

connecting parts were of ample strength, 

though this could not be verified by calculation. 

In Figure 42 the fuselage test of the Ru 

DI (G = 765 kg.) is shown. A simultaneous 
i //otructure Width 600 
loading of the elevator and rudder is employed, 

a vertical force of about 345 kg. being applied \ 'li r I i j Moment of -* 

at the hinge of the elevator and a horizontal j_ L J j drumHSQkgj^ 

force of about 140 kg. at a distance of 49 cm. m^ 

Chain drive, 
gears VC 

Dia. 1640 

'sec? 
Fig. 43.—Device for impact testing of tires. above the elevator hinge. When a load equal 

to 176 per cent of the required load had been reached, the fin separated from the fuselage 

(d) THE LANDING GEAR. 

The testing of the landing gear was done with a device which imitated the forces experienced 

in landing (fig. 43). A box containing concrete and metal equal to the total weight of the air¬ 

plane, excepting the landing gear, was placed on a steel frame. This frame was provided on 

its underside with means for attaching the landing gear, and was hinged to a rigid vertical 

framework, thereby permitting it to be raised, by the aid of a block and tackle, to the desired 

height It was held in this position and released at the proper time by a suitable device (see 

bee. Ill a). Two drums, carefully journaled, each with a moment of inertia equal to 12.8 

kg./m./sec.- were put m motion until a circumferential speed of about 30 km./h. was reached. 

At this point the weight was released and the wheels of the landing gear, falling upon the drums 
were suddenly turned, bringing the tires and springs into the required action. 

It has been shown in nearly every test that the drums came to rest in about two or three 

seconc s. t is evident from this that an average horizontal force of 60 kg. was acting on the 

circumference of the wheels. Since the first impact with the drum is the most violent and 

since the landing gear bounces during the test, a multiple of this value must be taken into 
53006—23-21 
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consideration when the test is started, and it must be assumed that the magnitude of the force 
C (see fig. 33) is actually reached. 

Toward the end of the war, this landing-gear impact device often gave good service in 
testing tires of substitute materials, the use of which had become necessary. 

The convex rim of the drum does not, however, represent the surface of the ground correctly, 
and as a result the landing-gear wheels are subjected to stresses which differ somewhat from 
the actual. If another device of this sort is constructed, the drums should be raised, so that 
the wheels of the landing gear can strike the inner circumference of the drum rim. 

The springs of the landing gear must be tested separately on a machine for determining 
their effect on the tires, axle, struts, and wires. 

VII. CONCLUSIONS. 

In the preceding chapters an account is given of the origin of the views and fundamental 
principles underlying the construction of German airplanes. The rapid rise of the airplane 
industry left many unfinished steps which will be completed later. 

The German Government no longer buys or uses airplanes, but restricts its participation 
to the supervision of air traffic and the licensing of airplanes and crews. In the creation of new 
methods and standards for strength, capacity, and quality, full freedom, which would serve as 
an impetus, is not given to governmental institutions. This need not, however, give cause for 
alarm, since the high technical efficiency of airplane factories and the precautionary measures 
of insurance companies will practically assure the qualifications of airplanes and crews for 
service in commercial traffic. 

Seagoing vessels have for many decades been inspected under the supervision of technical 
organizations, both during construction and regularly before sailing; and if requirements in 
every particular are met, certificates are issued. Insurance companies issue insurance only to 
vessels having this certification. All the indications are that similar precautions will be taken 
as regards airplanes, with due consideration for their peculiarly complex requirements. The 
DVL is compiling very excellent data, from the testing of German commercial airplanes, which 
they intend to publish at an opportune time in convenient handbooks. 

VIII. APPENDIX. 

1. THE CONVERSION FORMULAS OF ALBERT BETZ. 
Extract from: 
A. Betz, Influence of the span and the specific surface load on air forces of supporting 

surfaces. T.B. 1., page 98. 
A. Betz, Calculation of the air forces acting on the cell of a biplane from the correspond¬ 

ing values of monoplane supporting surfaces. T.B. 1., page 103. 

SYMBOLS. 

a = angle of attack (measured in radians). 
Q 

e = ^ tangent of gliding angle. 

A = Lift (kg.). 
E=Wing area (m.2). 
& = Span (m.). 
t = Wing chord (m.). 
/= Camber (m.). 
h = Gap (m.). 
y = Stagger (m.). 
0 = Angle of stagger. 

The data can be seen from figure 44. With the stagger as shown in figure 44, the angle 
of stagger is to be taken as positive for the upper wing and negative for the lower wing. With 
an opposite stagger this is reversed. 



2. CLASSIFICATION OF MILITARY Al HI’I. ANUS. 

Tahir II. 

Class of 
airplane. 

A. 

B. 

Cl. 

P. 

Dr. 

Power of 
engine 

Weight, 
in round 

Num¬ 
ber of 

(rot=rotary; 
st=fixed). 

numbers. air¬ 
planes. Occupants. Arms and ammunition. 

IP. Kg- Number. Kg. Type. Kg. 

100 St. 1,100 i 2 180 None.. 

100/120 St 1,100 2 2 iso _do. 

(150/160 St. 
\200/220 st. 
[260 St. 

1,350 
1,500 
1,700 2 

2 ISO J1 Qxed machine gun; 1 movable, with 
\ ammunition. }- \ 

16Q/1S0 St . 1, ISO 2 2 165 61.5 

f100/120 St. 740 100 1 fixed machine gun, with atnrnum- / 30 
100 tion. \ 

1G0 rot 620 > 2 1 Ml 47.6 
160 st. 900 100 2 fixed machine guns, with ammuni¬ 

tion. 
j TO 

180 st. M0 Ml \ 47.6 

no rot. 580 3 1 so 47.6 . 
* 

1 fixed machine gun, with am muni- ai | 
i S0/120 rot. 6H) 1 90 tion. 
\160 rot. 600 / 1 2 fixed machine guns, with ammuni¬ 

tion. " (1 

(2 x 150 st. 2,900 1 1 2 iso 12 movable guns, with ammunition_ 100 | 
<2 X 220 St. 3,250 [ 2 { 270 } 
[2 x 200 St. 3,600 1 l 3 345 11 movable guns, with ammunition.... 130 | 

200 St. 1,900 2 2 165 2 movable guns, with ammunition.... 

1 movable gun, with ammunition . , 

76.5 

260 St. 2,100 2 or 3 2 170 

Useful load. 

Fuel and oil. 

Bomb* " ireleea end photographic apparatus 
Possi- Figured 

biUty of. weight. 

Type. Kg Type. 

do. 

Kg. II. 

(Formerly provi- 
, ah* for So kg. 

Sum .. 

None , 

...do. 

do. 

J.None 

Wtrelres *».| pb ktographic apparatus. 

Wlraieas... 

N« 

None 

200 ....do. 

auo 

None. 

Different arraage- 
■ meats. 

SCO 

Wireless outfit.... 

W l/eleas aad photographic apparatus. 

None...... 

20 

21 

I a 

Jfi.5 

21 

31 

3 

2 

li 
2 
U 

li 

2 

li 

4 

n 
3 

4 

Kg. 

145 

US 

172 
196 
240 

109. 6 

70 
62 
SI 
66 
43.3 

41 

70 

03 

43S 
440 
606 

136 

290 

Remain 
lng. 

Kg. 

Total. 

40 

40 

40 
40 
40 

. 
16.4 

i.’i 
11.4 

26.6 

12.5 

6 

Kg. 

Use till end of war. 

365 Formerly observation planes; later 
out of service. 

365 Formerly observation plane; later 
equipped with dual steering 
mechanism and employed in 
training schools. 

492 For training. 
616 Short-range observation plane. 
680 Long-range observation plane. 

360 Protection airplane at tbe front. 

Training airplane at home. 
Out of service. 

Pursuit airplane at tbe front. 

210 | Formerly pursuit airplane; later 
> out of service. Only used in one 

223 ) type at tbe front. 

935 (Those left are used for training at 
1,010 / home. 
1,23S Bombing. 

410 Infantry airplane. 

1,000 Under construction, night bomber. 

53006—23. (Face p. 307.) 
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CONVERSION OF THE FORCES WITH WINGS OF DIFFERENT SPAN. 

The subscripts 1 and 2 relate to the wings of different span under consideration: 

Ca 

(The lifting values of the finite supporting surfaces are nearly equal to the lifting value of 

the infinitely wide supporting surface, hence also equal to each other.) 

Cw2 — CW1 Cg}p 

OCo 

C&2 Cai Cfl 

wherein 
e2 = q +1p 

,1 (F2 fx \ 

CONVERSION OF AIR FORCES OF MONOPLANE WINGS 
TO THOSE OF BIPLANES. 

The subscripts o and u relate, respectively, 

to upper and lower wings. 

First the following ratios (always taken as 

positive) must be computed: 

T -v K bu 
X2 = 

2h "2 2h 

Afterwards for each of these quantities the 

corresponding values rx, mv nx, Ti~ and r2, 

3yi 
m2, n2, are calculated from the equations: 

r= V1 + (X cos /3)2 

m = [r— 1] cos $ 

n = [r— 1] sin /3— In 

j8n , 

I"r + sin /3~| 
(_1 +sin dj 

sin /3 1 ^ X2 sin T 

1 + sin d r + sin j8 r + sin (3 [ 
f • 1 
-sm j3 cos3 j8 

In condensed form: 

ft — a — Au 
0 4tt^ bo &u u 4?rg &o 6U 

TABLE I.— Tabulation for changing from monoplane to biplane. 

Upper wings. Lower wings. 

Monoplane. Biplane. Monoplane. Biplane. 

Angle of attack (expressed in absolute units). 
«o «o+£*'o au au+a'u 

Wing chord. 

Camber. 

Lift. 

Tangent of gliding angle. 

( to 

1 <'0=-i 

Jo 

to~\~tfo 

t0 mj) 

fo+f'o /u /u+/'u 

.. n r , 5772*1 r r 5^1 ,5712"] 
^o_8/t0uLft Sy by J/u_8he°L h~by~hTy] 

| A0 A0- 

[ A'0=A<flu(mi— 

I 
A o-\-A'0 

m2) 

Co+C^o 

e'o=^u(Wi-722) 

A u j A\i~\~A"u 

A 'u= —A u^o(7771 — 7722) 

fu | <u*l"«,u 
i 

C u = ^o(77i — 772) 
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3. EXPLANATION OF CALCULATIONS FOR WING SPARS. 

(1) Calculation of a beam under axial and transverse loads, supported at two points and 

subjected to a moment at the fixed ends (acc. to Muller-Breslau statics of structures, Vol. II 

sec. 2, p. 286, a. f. and acc. to H. Reissner and E. Schwerin: The Strength Calculation of Air¬ 

plane Spars, Annual Report of the WGL, Vol. IV, 1916, p. 10.) ' 

In Figure 45 the following dimensions, angles, forces, and moments are given: 

s = cm. The length of a spar. 

x cm. [Coordinates of a point. 
7/ = cm.J 4 

S = kg. Longitudinal load. 

g = kg./cm. Transverse load, uniformly dis¬ 

tributed. Axial. 
Fig. 45.—Diagram for spar calculation. 

M } = kg./cm. Moments about fixed points. 

r, r1 = Inclinations of tangents at supporting points. 

Also: 

kg./cm.2 Modulus of elasticity of the building material. 

7= cm.4 Moment of surface inertia of a spar. 

The moment acting on the point x, y is given by the ratios of equilibrium 

(1) M~MA+X-(M,-MA)-^{s-x)+Sy 

and by the differential equation of the elastic curve 

d2y 
(2) M=-E I dx2 VEI 

and the angle a = | and after integration of the 

combined ratios and the introduction of the limits for y = o,x = o, on one hand, and y = o,x = s, 
on the other hand, the following ratio is obtained: 

x 1 xx siul 
(3) y = g [(MA-gk2) (cos psm ^ cot a) + (Ms-glt2) Mjl~ (MB■ 

+ -7T,(«-»)] 

Ma) 

. XX sinf 
(4) M= ( Ma - gl2) [cos ^ - s in^ cot a] +{MB- glc2) + gp 

The differential quotients ^ and — ^ on the points x = o and x = s give the inclination of 

the tangent on the supports. 

T— Ma \p" + Mb i7' —g S2 \J/'" 
Tr = Ma \p' 4- Mb — gs \p"' 

The following condensed forms are used: 
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ERRATA SHEET. 

Page 308—line 9, insert “ Axial” after “longitudinal load/’ 

line 11, omit “Axial.” 

lines 18 and 24, “ratio” should be “relation.” 

line 8 from bottom, “4- and —4—” should be “ 4^ and — 4^’’ 
’ dy dy dx dx 

line 5 from bottom, “gs” should be “gs2”. 

line 3 from bottom, closing half of parenthesis should be inserted at end. 

Page 309—line 3, “cot a” should be “ — cot a”. 

lines 5 and 6, “ — gk2” should be “ + gk2”. 

line 27, “only a generalized Clapeyron” should be “only one generalized Clapeyron.” 

Page 313, Table “G,” “ — gk2” should be “ + gk2” throughout table. 
69984-23 
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The values v', v", and v"' are functions of the angle a, and are plotted in Figures 49 to 51. 

It is seen that all three values become infinite with a = 180°. When— 
x (Mp-glt2) 

(5) tan 
ic ( Ma — gk2) sin a 

equation 4 reaches a maximum or minimum 

(6) Mc = -^^-gl2 (1- 

cot a, 

”n-2 

*n-Z 
Sn-, fr>-i 

M, n M, 'n+i 
2V 

Jn+t 
Tn-H 

Fig. 46.—Diagram for spar calculation. 

Equation 6 can be used only when a value is obtained from 5 which is between x = o and 

x = s. Otherwise Mc is equal to the larger value of MA and MB, with which it must be compared 

in the use of equation 6. 

In Figure 46 a continuous girder is shown, to which 

the conclusions explained heretofore can be applied for 

every portion. By the introduction of the condition: 

(7) A # = T + T/ 

the generalized Clapeyron equation for determining 

the moments about a fixed point is obtained: 

(8) il/n-1 ^"n+ Mn (&'n + i/'W + if„+i \f/"n+1 = A#n+yns2n \p"'n+gn+1 s2n+1 
In a beam with r supports, there are r — 1 bays. 

For every two bays a generalized Clapeyron equation can be written; therefore as a total 

of r —2 equations. 

On account of the structural requirements (e. g., hinged ends), the initial and final moments 

are defined so that r — 2 moments must be computed. This is possible, since there is the same num¬ 

ber of Clapeyron rules and since the values A?? can be ob¬ 

tained from the following consideration. Figure 47 shows 

the deflection of the points of support. Since the angles 

are small, the following geometrical equation applies: 

(9) A 0 5n+1 8n 8n 5n_, 

n+i 

AtV 
>n+i Sn 

n+/ 

Fig. 47—Diagram for span calculation. 

do) 

With a wing spar having three supports, only a gen¬ 

eralized Clapeyron equation exists. Jfn_1 is usually zero, 

being flexibly attached. Mn+1 is often determined from 

the overhang. 

— A^n+yn S2n ^ q ~f ^n+i S2n+1 \p' n+1 -if. n+i V n+i 

(l^n + ^n+i) 

(2) General investigation of the determinant of the denominator with wing spar supported 

at three points (according to the standards of the Flugzeugmeisterei): 

The calculation of the spars may be done with a load factor, p. It then remains to find 

the value of the determinant of the denominator corresponding to the value q. 

1 

*'*=sy 

s q q r. 
i 

^ r 

V 
S»s 

(Xq — «p £ « /s ap\- V 
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It follows that with an increasing load factor, the longitudinal loads increase in the ratio 

and the angles a in the ratio ^ The values i/q must be recalculated for the increased values 

of a. 
P 

The determinant of the determinator, OAT + ’/'T+i)=0, can be converted to the equation: 
1 — an cot " i. /a \ i 

\an cot (X«n) — 1 c 
in which 

C= 
S n Sa 

Sn+i Sn+i 

X 

For general values of C and X, dependent on a, a value of a can be found for which the 

determinant of the determinator becomes zero. 

(3) Example: Upper spar of a biplane with two bays, the inner e.nd being hinged and the 

outer end overhung (the results are taken from normal calculation given out as standard by 

the Flz to airplane companies). (See fig. 48.) 

Fig. 48.—Diagram for span calculation. 

(A) STRUCTURAL DATA. 

(a) Spars: Material, pine; E= 110,000 kg./cm.2; 

lengths, sn = 200 cm., sn+1 = 260 cm., sn+2 = 140 cm. 

Supporting 

points. Bays. 

Sections (cm.2). 21 12 

Moments of inertia (cm.4). Ill 77 

Moments of resistance (cm.3). 28 19 

(b) Diagonal stays: Material, steel cable; 

£'=1,290,000 kg./cm.2; lengths, dn = 243 cm., dn+1 = 320 cm.; sections, Fdn = 0.1 cm.2, 

£dn+1 = 0.07 cm.2 

(c) Gap, 7t = 187 cm.; chord, £ = 180 cm. 

(B) LOADING (4.5 TIMES THE REQUIRED LOAD). 

(a) Spars: Longitudinal loads, £n=-1,080 kg., £n+1=-792 kg., jSn+2 = 0 kg.; lateral 
load, g=gn=gu±1 = g^.2 = 1.405 kg./cm. 

Beginning at a distance from the tip of the wing equal to the chord, the lateral load g 
decreases to g/2 at the tip. 

(b) Lift wires: Longitudinal loads, Da= +1,443 kg., Z?n+1= +981 kg. 

(C) DETERMINATION OF A$n 

5n+i 5n = — 5.076 cm. 

T) d2 
5a-5n_1 = -g-^L=3.527 cm. 

5n_! = 0 

Aj? _5n+1-5n 8a — 5n_i_5.076 3.527 
D Sn+1 sn 200“ 200 

0.00573. 
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(D) DETERMINATION OF THE VALUES v', v", l/" AND xp', ip", \p/". 

Bay sn Bay .v+i 

(cm.). 88.55 103.41 
V 5 ' 

a—s (circular measure). 2. 259 2.514 
k K ’ 

/ (l * \ +2. 856 +4. 466 
\ tan a/ 

v" ( “ A +1. 924 +3. 283 
\sin a ) 

..//f /tan a/2 1\ +0. 437 +0. 726 
v « v. 

v-v' 10-5 ... +1. 322 +2. 171 
Ss cm.kg. 

V-*' 10“5 +0. 891 +1. 595 
5s cm.kg. 

y„_v IU 
+0. 2023 +0. 3528 

Ss cm.kg. 
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a 

Fig. 50.— v" curve. 

oc-- 
160 164 168 178 176 180 800 880 840 860 

Fig. 51.—v"‘ curve. 
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(e) DETERMINATION OF Mn_v AND MD+J. 

Since the spar is flexibly supported, i/n-! = 0, the moment of the fixed point on the over¬ 

hanging end equals, for the assumed direction of the load, 

Mn+1 = | s2n+2( 1 +1 ^) = 8,670 kg.cm. 

(f) determination of Mn. 

~\f _ Al?n + <7n S2n n±<7n+i S"n+1\p "tx+f— Mn+1\f/"a+1 

Adn-+0.00573 $'n= 1.322 X 10~5 

0n sna *'"n= ±0.11369 ' *'n+1 = 2.171 X 10~5 

(j/nri S2n+1 = ± 0.33508 —--- 

J/n_! = ±0.00000 Denominator = 3.493 X 10~5 
Mnn i£"n+1 = -0.13831 

Numerator = ±0.31619 

Mn= 
0.31619 X105 

3.493 
= 9047 cm.kg. 

(g) maximum value of bay moment Mc. 

Bay sn Bay sn+1 

tan*-(*» ~,f- 
k (MA—gk2) srna ±1. 0534 ±3.1896 

x (cm.) 71.84 131. 00 

cm.kg. 
cos r V cos ~) 

k V k' 
-4983. -4947. 

(h) investigation of the determinant of the denominator. 

D = (Vr,-irVn+\) 

Load factors. 
Bay sn. Bay sn+i. 

«n <Fn105 «n+l iFa-ulOS J9X105 

2. 25 1. 597 ±0/965 ±1. 778 ±1. 334 ±2. 299 
4. 5 2. 26 ±1. 32 2. 51 ±2. 16 ±3. 48 
5. 5 2. 497 ±1. 637 2. 774 ±3. 259 ±4. 896 
6. 5 2. 716 ±2. 24 3. 017 ±8. 413 ±10. 653 
7. 5 2. 912 ±3. 84 3. 240 -9. 21 -5. 37 
7. 75 2. 966 ±4.76 3. 294 -5. 84 -1. 08 
8.0 3. 013 ±6. 30 3. 346 -4. 15 ±2. 15 
9. 0 3. 196 -13. 52 3. 549 -1. 75 -15. 27 
9. 5 3. 284 -4. 83 3. 647 -1. 29 -6. 12 

See Figure 52. 

/ 
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Load factor- V 
Fig. 52.—Curve showing determinant D of denominator in relation to 

load factor V. 

4. LIST OF ABBREVIATIONS USED. 

DVL = Deutsche Versuchsanstalt fur Luftfahrt (Adlershof). 

WGL = Wissenschaftliche Gesellschaft fiir Luftfahrt (Berlin). 

Flz = (Koniglich Prcussische) Flugzeugmeisterei. 

ZFM = Zeitsc,hrift fur Flugtechnik und Motorluftschiffahrt. 

ZdVDI = Zeitschrift des Vereins Deutscher Ingenieure. 

TB =Technische Berichte (der Flugzeugmeisterei). 

BLV = Bau- und Liefervorschriften der Inspektioti der Fliegertruppen. 

AeYA = Aerodynamische Versuchsanstalt, Gottingen, formerly Modellversuchs 

anstalt fiir Aerodynamik. 
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THE DECAY OF A SIMPLE EDDY. 

By H. Bateman. 

INTRODUCTION. 

This subject, which has been studied recently by G. I. Taylor1 and H. A. Webb 2 after 

some initial investigations by Lees, is of considerable mathematical interest, as the theory 

depends upon an exact solution of the equations of motion of an incompressible viscous fluid. 

Since very few exact solutions of these equations are known,3 it seems worth while to study 

in detail the one which describes the behavior of a simple eddy and to find, if possible, some 

further solutions of the equations. The results of this study are herein set forth for publication 

by the National Advisory Committee for Aeronautics. 

SUMMARY. 

The principal result obtained in this paper is a generalization of Taylor's formula for a 

simple eddy. The discussion of the properties of the eddy indicates that there is a slight 

analogy between the theory of eddies in a viscous fluid and the quantum theory of radiation. 

Another exact solution of the equations of motion of a viscous fluid yields a result which 

reminds one of the well-known condition for instability in the case of a horizontally stratified 

atmosphere. 
SOLUTION OF EQUATIONS OF TWO-DIMENSIONAL MOTION. 

The equations of two-dimensional motion of an incompressible viscous fluid may be 

written in the form 

dV dU VdU_ V2 _ p _ 1 dp [ d2U 1 dU 1 /WU _ dV 
dt dr r dd r pdr [ dr2 r dr r2 \ dd2 dd 

dV rdV VdV TJV 1 dp j&V lbV 1 fdV. 
dt . dr r dd r p rdd P[dr2 r dr r2\d02 dd 

d^ 

dr 
0rU) + 

(1) 

(2) 

(3) 

where U is the radial velocity, V the transverse velocity, p the pressure, p the density, and v 

the kinematic viscosity. The variables (r, d) are cylindrical polar coordinates, t is the time, 

and (R, 9) are the radial and transverse components of the external force on unit mass of 

the fluid. 

If 9 = 0 and p, U, V are independent of d, equations (2) and (3) give 

dV , Tlblx JZZ_ l<ZZ , 1 ^Z_ 1 T/l 
dt dr + r v \ dr2 + r dr r2 J (4) 

(5) 

1 British Advisory Committee for Aeronautics, R. & M. No. 598, December, 1918. 

1 R. & M. No. 609, May, 1919. 

For some cases of two-dimensional steady motion see G. B. Jeffery, Phil. Mag. t. 29 (1915), p. 455; G. I. Taylor, Proc. Roy. Soc. A. (1917), 
p. 99; and Lamb’s Hydrodynamics. 
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The last equation gives rU= K, where K is a function of t only. Equation (4) now becomes 

dV ( d __ K\ /dV V\ 
dt \ dr r / \ dr ^ r ) 

When K is constant an interesting solution of the partial differential equation is 

V=B 
w2s+l 

t*+2 

_ r2 
e ivt 

(6) 

(7) 

K 
where s=~- and B is a constant. When s = 0 there is no radial velocity and we obtain Taylor’s 

solution. 

In the general case our solution represents an eddy with a source or sink at the center, i. e., 

along the axis; it thus gives a very simple representation of the type of motion considered by 

Webb and used as a model of a case in which the decay of an eddy arises from both dynamic 

and viscous causes. 

The same solution may also be used to represent an eddy whose center moves with uniform 

velocity, provided that U and V are interpreted as radial and transverse velocities relative to 

the moving center. 

It should be noticed that V is a maximum when 

— 4:vt ^s + 2^ — (8) 

If, following Taylor, we define the radius of the eddy at time t as the radius of the ring of 

maximum velocity, it appears that this radius is proportional to the square root of K-\-v. The 

constants K and v are thus of equal importance as far as the rate of increase in size of the eddy 

is concerned. 

The distribution of pressure may be inferred from equation (1). Putting R = 0, we have 

1 & , -nit 
p dr r3 t2s+i 

.45+1 r2 

A 2 vt • (9) 

The pressure thus increases from the center outward. 

The kinetic energy of the fluid may be regarded as made up of energy of radial motion and 

energy of transverse motion. The former is infinite when there is a source or sink at the origin, 

but the latter is always finite. Its value is in fact 

p°°y.45+3 _ T^_ 

Jo W^e~Mdl 

(?)w; 

= irpB2 

1 
7—a es+l d£• (10) 

The total energy of transverse motion at time t is thus represented by an expression of 
A 

type j2> whatever be the real value of s, and so the law of decay is always the same. 

If we regard the circle of maximum velocity as a boundary separating the inside of the 

vortex from the outside, we find that the energy of transverse motion inside the vortex is always 

a constant fraction of the total amount. This fraction F is given by 

’2s+l f : 

Fl 

2 1 
When s = 0, F— 1-and is less than 77 

’ e 3 

Cl 
£2s+2 d£ = J0o,V* £2s+2 d£. 

In this case we have also 

(11) 

V "= C— 
p 

Bh _T 

t3 
e 2vt (12) 
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where C is a function of t. It should be noticed that the pressure does not become a minimum 

when 2pV2 is a maximum but is a minimum when r = 0- 

The angular momentum of the eddy is 

r* go 

M= I 2irrdrxprV 

= 2irpB 

= irpB (4v)s+2jo £s+1 d{. 

'“>r2si-3 _ r* 

F0 

(13) 

The angular momentum remains constant, as we should expect from dynamical considerations. 

The angular momentum within the eddy is a constant fraction/of the whole, where 

/J0 [0'+ie-ffs+ldr. (14) 

3 
When s = 0,/=l —2 e~- and is quite small; thus most of the angular momentum is outside the 

vortex. 

The circulation in a ring is 2irr V, and this is a maximum when 

(15) 

C 
It is easily seen that the maximum circulation decays according to a law of type -, while the 

maximum velocity decays according to a law of type ^2- 

The angular velocity 

y r2s r> 
= — = B 7tt2 e m 

r ts 
is a maximum when 

4 vt 
= s. 

(16) 

(17) 

The maximum angular velocity decays according to a law of type 

a -* ^max. — £2 

where E is a constant. 

(18) 

VISCOUS FLUID MOTION AND THE QUANTUM THEORY OF RADIATION. 

It follows from the last result that the total energy of transverse motion is proportional 

to the maximum angular velocity. This result is slightly analogous to the quantum law in the 

theory of radiation. Pursuing the analogy we shall attempt to compare critical values of the 

angular momentum in Bohr’s atomic theory with critical values of the Reynolds number 
V 

m the theory of viscous fluid motion. It should be noticed in the first place that angular 

momentum has the same dimensions as (a Reynolds number) multiplied by (a mass and a kine¬ 

matic viscosity). The mass required for our analogy may be the mass of an electron and the 
viscosity the viscosity of the ether. 

It should be noticed also that we can actually find instances of viscous fluid motion which 
exist only for certain particular values of a constant. 

53006—23-22 
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Let us consider, for instance, a type of eddy motion in which the transverse velocity F 

dnV . 
is zero for r = 0 and r= oo while some derivative is finite and different from zero for r = 0. 

An expression of type (7) evidently satisfies the conditions when 2s+l=n, hence a solu¬ 

tion of the required type exists whenever 2s +1 is a positive integer. Moreover, we get into 

difficulties when we try to satisfy the conditions by means of a solution of (6) of type 

F=R 
tm 

m 
(1 + 71— 2s) (n + 3) vt+(l+n — 2s) (3 + n —2s) (n + 3) (n + 5) 

for this does not generally become zero when r—>■ oo. When s is very large, for instance, F is prac- 

Tn 
tically equal to B — • To illustrate the way in which a solution of the required type can be 

L 

derived from the infinite series, let us consider the case n=l, m — 2. We may then write 

m (ra + 1) 

Q 
(19) 

F=R L 1 
1 

; + 
t2\ l-s4vr (1 — s) (2 —s) \ivt 

f r2 \2_ 

--I S'S 

t2 \ s — 1 4 vt 8 

) 
s v 1 / 

— 2X1X 2V 
y2 V | s w 1 ( r 
4vtJ ' s — 3 A 1x2x3 \4:ri 

1 

J + (20) 

Multiplying F by s — k, where Jc is a positive integer and making s—we obtain a solution of the 

required type. Webb assumes that for different eddies of the same radius a, the radial velocity 

at r = a is proportional to the strength. This means that 

K aV 
s = = X  

Av v 
(21) 

Where X is a nondimensional constant, hence s is a Reynolds number and a solution of our 

problem exists only for certain critical values of a Reynolds number. 

ANOTHER METHOD OF SOLUTION. 

Another exact solution of the equations of variable motion of an incompressible viscous 

fluid may be obtained as follows: 

Let us endeavor to satisfy the equation 

by expressions of type 

du , du du A_ 1 dp 

d(+u5i+v^~^u=~P Sf 
dv , dv , dv a9 1 dp 

+ u+ v v— vA2v = — 
ot ox oy p oy 

u = lcext~ky cos qx, v= — qeu~ky sin qx 

(22) 

(23) 

where lc, q, and X are constants. These expressions evidently satisfy the equation of con¬ 

tinuity 

du dv_n 
dx +dy 

We find that equations (22) are satisfied if 

_ 1 dp 
= lc { X — v (k2 — q2) } ext~ky cos qx 

p ~ ~ 2 { X — v (k2 — q2)} ext-ky sin qx — Icq2 e2 W-ky) 

(24) 
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These equations can be satisfied either by putting k = q or by putting \=u (P — q2). The formei 

case is of no interest, for it corresponds to a well-known case of irrotational motion. 

In the latter case we have 

V 
P 

= C-±q2 e2M-ky) (25) 

where C is a constant, p being supposed to be also constant. When k < q the motion is dying 

down while when k > q the motion is becoming more violent. When k = q the motion is steady 

and irrotational. 

If at any instant we fix the value of p at y = 0, we find that in the case of growing or un¬ 

stable motion the pressure gradient is larger than in the steady case when k = q. In 

the case of a decaying motion the pressure gradient is less than in the steady case. This result 

may be compared with the well-known theorem that a horizontally stratified atmosphere is 

unstable when the lapse rate of temperature is higher than the adiabatic value. 

Another point worth noticing is that 

dy 
dx 

du 

dy' 
(k2 — q2) eu~hJ cos qx. 

Hence when the pressure over y = 0 is fixed, the sign of the vorticity is different according as 

k is greater than or less than q, l. e., according as the motion is growing or decaying. 
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REPORT No. 145. 

INTERNAL STRESSES IN LAMINATED CONSTRUCTION. 
By Forest Products Laboratory. 

INTRODUCTION. 

This report, submitted to the National Advisory Committee for Aeronautics for publica¬ 
tion, covers work conducted by the Forest Products Laboratory of the United States Forest 
Service at the request of and with funds provided by the Bureau of Engineering of the Navy 
Department. 

SUMMARY. 

The report reviews the procedure employed in an investigation of the sources and influence 
of internal stresses in laminated construction, and discusses the influence of shrinkage and 
swelling stresses caused by atmospheric conditions upon the tensile strength across grain in 
laminated construction with special reference to airplane propellers. 

The investigation covered three sources of internal stress, namely, the combination of 
plain-sawed and quarter-sawed material in the same construction, the gluing together of lami¬ 
nations of different moisture contents, and the gluing together of laminations of different densi¬ 
ties. The following species were studied: 

Central American mahogany (Swietenia mahogani). 
African mahogany (Khaya senegalensis). 
Philippine mahogany (Sfiorea sp.). 
Yellow poplar (Liriodendron tulipifera). 
Hard maple (Acer saccharum). 
Yellow birch (Betula sp.). 
Red gum (Liquidambar styraciflua). 
Northern white oak (Quercus sp.). 
Northern red oak (Quercus sp.). 

Glued specimens and free specimens, made up under various manufacturing conditions, 
were subjected to various climatic changes inducing internal stresses and then were tested. 
The strength of free unstressed pieces served as a standard of comparison for glued pieces and 
indicated what internal stresses were developed in the glued construction. 

The following recommendations as to propeller specifications are made for the species 
studied: 

1. That all propellers be covered with aluminum leaf coating or other approved finish 
which will prevent, so far as possible, any gain or loss in moisture content of the propeller. 

2. That for the most extreme conditions of service propellers be made entirely of quarter- 
sawed material. 

3. That for moderate conditions of service propellers made entirely from plain-sawed stock 
be permitted, provided they are well protected against moisture change. 

4. That for species in which the ratio of radial to tangential shrinkage exceeds 0.75 the 
mixing of plain-sawed and quarter-sawed stock be permitted in propellers for moderate service, 
provided that they are well protected against moisture change. 

5. That all propeller stock be allowed to come to equilibrium under fixed conditions of 
temperature and relative humidity before gluing. 

6. That density specifications be such as to eliminate all brash material, but not to require 
matching for density. 

7. That moisture content of wood, gluing conditions, and protective coating be such that 
the mositure content of the propellers will not exceed 15 per cent at any time. Beyond this 
point animal glue is not likely to give satisfactory results. 

* 
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These recommendations are based on the following conclusions, which appear to be war¬ 
ranted from a careful analysis of the data obtained in this study: 

1. Tensile strength across grain (across the face of the board) for quarter-sawed lumber 
is greater than for plain-sawed lumber. Plain-sawed lumber may be from 20 to 50 per cent 
weaker across the grain, depending upon the species and method of drying. 

2. The gluing together of plain-sawed and quarter-sawed stock gives rise to internal stresses 
through the unequal swelling and shrinking which takes place with changes in moisture content 
and results in a weakening across grain of the laminated structure. 

3. The gluing together of laminations of different moisture contents gives rise to internal 
stresses on account of the unequal swelling or shrinking which takes place as all the lamina¬ 
tions approach a common moisture content, and results in a weakening across grain of the 
structure, which may be of sufficient magnitude to cause rupture of members of the laminated 
structure. 

4. When a laminated structure containing both quarter-sawed and plain-sawed members 
is subjected to conditions which cause a change in moisture content, the unequal swelling or 
shrinkage oi the different members induces stresses. These stresses reach a maximum and 
then, if the moisture content remains constant, gradually die out. The structure is then free 
from internal stresses but has assumed new dimensions. If the elastic limit of the wood has 
not been exceeded, the strength has not been affected. With each change of moisture content 
new stresses will be developed. 

5. When a laminated structure is composed of members all plain-sawTed or all quarter- 
sawed of unequal moisture contents, the moisture in the wood tends to equalize, and stresses 
are set up in the structure through the unequal shrinking or swelling of the members. These 
stresses eventually die out, leaving the structure stress-free but with changed dimensions. If 
the elastic limit of the wood has not been exceeded the strength has not been affected. If 
the structure is subjected to further moisture change no stresses are induced, since all members 
have reached the same condition and thereafter act together. 

6. When laminations of very high’and very low densities are glued together to form a 
laminated structure, change of moisture content induces stresses on account of the unequal 
shrinkage or swelling of the members. These stresses eventually disappear; and, if the elastic 
limit has not been exceeded, only a change in dimensions results. Further changes in moisture 
content induce new stresses. Within a single species the stresses so induced are relatively 
small, however, and are not likely to be serious except in extreme cases. 

t. Animal glue used in these tests does not set properly when the laminations are of high 
moisture content. I he exact point where unsatisfactory results occur can not be determined 
from the data available, but it appears to be between 15 and 18 per cent. Also, in glued 
specimens placed under atmospheric conditions tending to produce a moisture content of 
from 15 to 18 per cent in the wood, the glue softens and permits the laminations to be easily 
pulled apart. 

GENERAL APPLICATION OF THE INVESTIGATION. 

Warping and tv is ting and the opening of glued joints are of great importance to industries 
using material consisting of small pieces of wood joined together to form a larger structure. 
The degree to which such changes in the manufactured products are detrimental varies, but in 
many cases a slight change is sufficient to cause rejection or at least necessitate extensive repairs. 

Ordinarily the furniture industry is most affected by such failures, and when furniture 
manufacturers undertook to produce airplane propellers on a commercial scale the same diffi¬ 
culties appeared in a magnified form. The smallest changes in shape or track and any opening 
o g ued joints were reasons for rejection; and the rejected propellers could not be repaired as 
could articles of furniture. 

The cause of varping of built-up products is not thoroughly understood. Several factors 
are commonly credited with the cause of most failures, and these may appear singly or in com¬ 
bination. But all changes of form or opening of joints are the result of the development of 
stresses within the manufactured article. 
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THE PROBLEM TO BE INVESTIGATED. 

Stress is defined 1 as the internal force, which, when a body is subjected to external forces, 
tends to hold the molecules in their original relation and to preserve the integrity of the body. 

Applying external loads to a wood structure changes its shape and develops proportionally 
resistant stresses until the elastic limit is reached, beyond which the rate of deformation increases 

until rupture occurs. 
Stresses may also be developed in wood which are not caused by external loading, but 

rather from conditions within the wood. While they probably do not affect the mechanical 
properties of the wood fiber, they do combine with loading stresses and reduce the magnitude 
of the safe external load, for the sum of both stresses can not exceed the strength of the wood 
fiber. Such stresses, caused by factors other than external loading, are properly called “ internal 
stresses” and are important becauses of their influence on the quality and strength of wood 

construction. 
Wherever strength properties of wood are involved, internal stresses must be considered. 

In the seasoning of wood, the methods and rates of drying and the quality and strength of the 
product turned out of the kilns depends largely upon the extent to which the magnitude and 

character of internal stresses can be controlled. 
The developmen t of internal stresses'is due largely to the hygroscopic properties of wood. 

Wood contains water in two forms—as free water in the cell cavities, which is given off first, and 
as moisture absorbed by the cell tissues, which is not given off until the free moisture is lost. 
The point at which moisture begins to leave cell tissues is called the fiber saturation point. 
Below this point wood shrinks with loss of moisture and swells with gain in moisture, coming 
to an equilibrium with every climatic condition to which it is subjected for a sufficient length 
of time. Any moisture content up to fiber saturation can be maintained in wood by proper 
control of the temperature and relative humidity of the surrounding atmosphere. 

The magnitude of shrinking and swelling with moisture changes differs not only for every 
species of wood, but also in each of the three directions in a tree—longitudinally (along the 
grain of the wood, radially (along the radius of a transverse face), and tangentially (along the 
circumference of an annual ring). Longitudinal shrinkage is so small as to be negligible when 
compared to radial and tangential shrinkage values, which are given in Table 1. 

Table 1.-—Shrinkage from green condition to oven-dry condition. 

Species. 

Percentage of dimen¬ 
sions when green. 

Radial. Tangential. 

Northern white oak 1. 5.3 
3.9 
7.4 
5.2 
4.1 
4.8 
3.5 
4.8 
5.0 

9.0 
8.3 
9.0 
9. 9 
6.9 
9.2 
4.2 
5. 5 
5.7 

Northern red oak 1. 
Yellow birch 1. 
Red gum 1. 
Yellow poplar 1. 
Hard maple 1. 
Central American mahogany 2. 
African mahogany 2. 
Philippine mahogany 2. 

1 Bulletin No. 556, U. S. Department of Agriculture, “Mechanical Properties of Woods Grown in the United States,” by J. A. Newlin and T. R. 
C. Wilson. 

2 Results of more recent tests made at Forest Products Laboratory, Madison, Wis. 

The magnitude of the shrinkage across the face of a board varies with the manner of cutting 
from the log. Purely quarter-sawed lumber (radial face) has the least shrinkage. Where 
unequal shrinkage or swelling with moisture change., occurs, as in boards containing both 
plain-sawed and quarter-sawed material, twisting and cupping result. 

In laminated construction, the danger of unequal shrinking and swelling is even greater, 
for material differing widely in shrinkage properties may be combined, and since each member 

1 Merriman’s “Civil Engineers Pocket Book,” 1916 edition, p. 272. 
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can not swell or shrink independently (the structure must change as a whole) the excessive 
swelling of some members is restrained by the more moderate swelling of others, equal and 
opposite stresses being developed within the individual members. In a structure so stressed, 
the internal stresses will combine with loading stresses and precipitate failure earlier than in 

a structure not stressed. A comparison of the 
maximum strength of two structures, one 
stressed and the other unstressed, would there¬ 
fore indicate the magnitude of internal stress 
which had been developed. 

The influence of internal stresses on the 
strength of wood construction is of particular 
importance in airplane propellers, where maxi¬ 
mum strength with minimum weight and perma¬ 
nency of shape are prime requisities. This 
investigation was planned, therefore, to cover 
those sources of internal stress most commonly 
encountered in the manufacture and use of air¬ 
plane propellers. 

The series of investigations of the strength 
of laminated construction includes comprehensive 
tests to determine 2— 

Series A: Influence of combining plain-sawed 
and quarter-sawed material. 

Series B: Influence of combining material of 
unequal moisture content. 

Series C: Influence of combining high-density 
and low-density material. 

METHOD OF INVESTIGATION. 

One of the sources of internal stress is the 
variation in shrinkage properties in different 

directions in a tree, the effect of which is noticeable in combining plain-sawed and quarter- 
sawed material. In such a combination, unequal shrinking and swelling tend to take place 
with moisture changes, and, being restrained, cause internal stresses. Figure 1 shows the char¬ 
acter of stress developed with a change in 
moisture content in a test specimen, such as is 
shown in figure 2. 

The normal free swelling of the plain-sawed 
faces is the distance “e,” and the normal free 
swelling of the quarter-sawed core is “a,.” Being 
bound together, the faces are restrained and 
the core is stretched, developing compressive 
stresses in the faces and tensile stresses in the 
core; and the final position of the structure is 
indicated by the dotted line. A loss in mois¬ 
ture results in stresses of opposite character. 

In either case, the member of the glued specimen subjected to internal tensile stress will 
fail under a smaller external load than if it wTere free from internal stresses. After such failure 
the entire load is shifted to the remaining member, and complete rupture takes place at a com¬ 
paratively low load. The whole glued structure has failed then under an external load smaller 
than the sum of the loads required to break the individual free members.3 

A 

Fig. 1.—Combining plain-sawed and quarter-sawed material in 
laminated construction. 

A. —Swelling of laminated construction with increase in moisture 
content. 

e= free swelling of plain-sawed member. 
a=free swelling of quarter-sawed member. 

Since members are glued together, they must swell together and 

final swelling =a+-^ (shown by fine dotted line). This develops 
2j 

compression in plain-sawed member and tension in quarter-sawed 
member. 

B. —Shrinkage of laminated construction with loss in moisture 
content. 

e= free shrinkage of plain-sawed member. 
a~-= free shrinkage of quarter-sawed member. 

Since members are glued together, they must shrink together and 

final shrinkage = 0+^2° (shown by fine dotted fines). This de¬ 

velops tension in plain-sawed member and compression in quarter- 
sawed member. 

2 In the original working plan (Appendix B) Series A is designated as Series I, Series B as Series III, and Series C as Series II. 
8 “External load” and “strength” as used in this report refer to test conditions such as are obtained in the test shown in figure 6, 
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For the first part of this study, specimens similar to those shown in figure 2 were manu¬ 
factured, in which plain-sawed and quarter-sawed material were combined, moisture and 
density variables being eliminated. Moisture changes were introduced to develop internal 
stresses in glued specimens, and the strength at test was compared with that of matched 
unstressed specimens. 

The second source of internal stress investigated was the unequal shrinkage developed by 
gluing together laminations differing in moisture content. All wood subjected for a sufficient 
time to the same atmospheric condition will come to practically the same moisture content. If 
the common moisture content is not reached before assembly into laminated construction, it is 
attained after assembly, and the resultant unequal swelling and shrinking of the component 

Tig. 3.—Combining material not 

uniform in moisture content in 

laminated construction. 

Dry faces and wet core glued 
together and allowed to condition to 
equilibrium. 

c=free shrinkage of wet core. 
a=free swelling of dry faces. 

Final position shown by dotted 
line. Since members are glued 
together, they must move together. 
This develops compression in faces 
tending to swell and tension in core 
tending to shrink. 

nated construction. 

A. —Swelling of laminated construction with increase in moisture 
content. 

Faces= High-density material. 
Core= Low-density material. 
c= free swelling of high density member. 
a=free swelling of low density member. 

Since members are glued together, they must swell together and 

final swelling =a+e—^ (shown by fine dotted line). 

This develops compression in high-density member and tension in 
low density member. 

B. —Shrinkage of laminated construction with loss in moisture 
content. 

Faces= High-density material. 
Core= Low-density material. 
c=free shrinkage of high-density member. 
a=free shrinkage of low-density member. 

Since members are glued together, they must shrink together and 

final shrinkage =a+e-^- (shown by fine dotted line). 

This develops tension in high-density member and compression in 
low-density member. 

parts develop internal stresses as shown in figure 3, just as in the combining of plain-sawed 
and quarter-sawed material. 

. Specimens were made of laminations differing in moisture content at assembly, other 
variables being eliminated, and these specimens were conditioned under constant atmos¬ 
pheric conditions before being tested, permitting all members to come to a common moisture 
content. The strength of internally stressed glued pieces was then compared to the strength 
of unstressed free pieces. 

The third source of internal stress investigated was the combination of material of different 
densities. High density wood has been found 4 to shrink and swell more than low density 
wood, hence, combining material of different densities leads to the development of internal 
stresses with moisture changes through unequal shrinking or swelling. (See fig. ’4.) 

4 Bulletin No. 676, U. S. Department 
by L A. Newlin and T. R. C. WiRor), 

of Agriculture, “ The Relation of the Shrinkage and Strength Properties of Wood to its Specific Gravity, 
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Specimens were manufactured of material of different densities, other variables being elim¬ 

inated. Moisture changes were introduced to develop internal stresses and the strength of the 

glued pieces subjected to internal stresses was compared with the strength of the free unstressed 

specimens. 
MATERIALS USED IN INVESTIGATION. 

LUMBER. 

Lumber for the investigation was taken from the stock obtained for the manufacture of 

experimental propellers. It was handled with extreme care, and all pertinent information 

concerning the particular stock was obtained and recorded. A brief description of the material 

follows: 

Central American ma*hogany. 

African mahogany. 

Yellow birch. 

Part of the material of each species was purchased in the form of logs and sawed at the 

laboratory. The remainder was sawed at outside mills under laboratory supervision. All 

of the stock was kiln dried at the laboratory. 

Northern white oak (quarter-sawed). 

Northern red oak (quarter-sawed). 

Part of the material was thoroughly air-dried stock purchased from dealers. The 

remainder was sawed at outside mills under laboratory supervision and kiln dried at the 
laboratory. 

Red gum (quarter-sawed). 

This stock was sawed at outside mills under laboratory supervision and kiln dried at the 
laboratory. 

Yellow poplar. 

This stock was purchased in log form, and sawed and kiln dried at the laboratory. 

Philippine mahogany. 

This material was from War Department stocks in the form of 1-inch kiln-dried lumber 

End vie w 

A cutting diagram was made for each log 

sawed at the laboratory or under laboratory 

supervision at outside mills. Each board was 

numbered for future identification, and these 

numbers were recorded on the boards and 

cutting diagram. A sample record is shown 

in figure 5. 

The kiln drying in each case was done ac¬ 

cording to specifications for propeller stock. 

Upon receipt at the shop, all stock was 

surfaced and stored under constant conditions 

of temperature and relative humidity. Sam¬ 

ples were taken from both ends of each 40-inch 

stick for use in making density determinations. 

TYPE OF GLUE. 

The glue used for the manufacture of the laminated specimens was an animal glue, certified 

in accoidance with Bureau of Aircraft Production specification No. 14000—A. It was mixed 

in the proportion of 1 part of glue to 2\ parts by weight of water and heated to 140 to 145° F. 
before being applied. 



INTERNAL STRESSES IN LAMINATED CONSTRUCTION. 333 

SPECIAL EQUIPMENT. 

The same shops and storage rooms were used for carrying out this investigation as were 

provided for the propeller manufacturing and storage tests which are being conducted at the 

Forest Products Laboratory.5 In these rooms the temperature and relative humidities are 

constantly maintained at the following values: 

Woodworking room, 70° F., with 55 per cent relative humidity. 

Glueroom, 90° F., with 65 per cent relative humidity. 

Storage room, No. 3, 80° F., with 30 per cent relative humidity. 

Storage room, No. 2, 80° F., with 60 per cent relative humidity. 

Storage room, No. 1, 80° F., with 90 per cent relative humidity. 

SPECIMENS. 

The test specimens used were the standard specimens for tension across the grain, having 

the dimensions shown in figure 2. Each test piece was made of three laminations.6 a core 

£ inch thick, and faces f inch thick. 

Plate 1.—Laminated test specimens for tension across the grain, showing steps in manufacture. 

The laminations for the glued-up and free (not glued) test specimens, shown in plate 1, 

were matched end to end and taken as near each other as possible. Two sticks, A and B 

(about 40 inches in length), carefully selected and matched for density, furnished material 

for test specimens, five of which were glued and five not glued, or free. Stick B was resawed 

longitudinally, making the two face pieces Bx and B2. The 40-inch block was then marked 

X and Y as shown and cut in two, making two 20-inch blocks. Block X was then glued and 

kept in the glue press 24 hours. The gluing operation was conducted in a room kept under 

constant conditions of temperature (90° F.) and relative humidity (65 per cent). The lamina¬ 

tions of block Y were fastened together with metal staples. The marked end of block Y was 

placed opposite the marked end of block X and the specimens laid out and numbered as shown. 

Odd numbers indicate specimens that are glued-up and even numbers those not glued. The 

tree specimens serve as a standard of comparison for the glued-up specimens. 

6 A complete description of this equipment is gLven in a report, “Automatic regulation of temperature and humidity in an experimental 
airplane propeller plant and its application to commercial conditions,” by A. C. Knauss, June 2,1919. 

61 n some of the latter free specimens they were made of two pieces each } inch thick. 
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METHOD OF TESTING. 

The method of testing these specimens is indicated in figure 6, which illustrates a standard 
test used at the Forest Products Laboratory for the determination of tensile strength across 
the grain. 

The selection of material, marking, care of specimens, and courses of conditioning before 
testing are explained in detail in the original 
working plan, a copy of which is included as 
Appendix A of this report. 

In conditioning specimens they were 
considered at equilibrium with the constant 
conditions in which they were stored, when 
they ceased to change weight. So far as 
moisture content is concerned, this assump¬ 
tion is correct, but from a standpoint of 
stresses induced by the method of manufac¬ 
ture many had not reached their ultimate 
condition. Stresses tend to die out, and if 
all specimens had been allowed to remain 
in any one condition of storage for an 
indefinite period, tests would have shown 
them to be stress free. This fact was not 
fully appreciated in the beginning of this 
work, and care was not taken to test the 

specimens immediately after reaching apparent equilibrium. Sometimes delay was necessary 
because testing machines or operators were otherwise engaged. 

RECORD FORMS. 

Several special forms were used in recording data. A sample of each of these with de¬ 
scriptive title is included as appendix B of this report. 

ANALYSIS OF RESULTS OF SERIES A. 

THE INFLUENCE OF COMBINING PLAIN-SAWED AND QUARTER-SAWED MATERIAL ON THE STRENGTH OF 

LAMINATED CONSTRUCTION. 

The following species were studied: 
Central American mahogany. 
Philippine mahogany. 
Yellow birch. 
Yellow poplar. 
Red gum. 
Northern red oak. 

Specimens were made with plain-sawed faces and a quarter-sawed core, of uniform density 
and conditioned to uniform moisture content before gluing. After manufacture, the specimens 
were successively subjected to several atmospheric conditions, remaining in each until constant 
weight was reached. Upon leaving each condition a number of the specimens were tested, the 
remainder passing to the next condition, according to the following schedules: 

Schedule No. 1—Glue room: Room No. 1, room No. 2, room No. 3. 
Schedule No. 2—Glue room: Room No. 3, room No. 2, room No. 1. 
Relation between radial and tangential tensile strength across the grain.—The members of the 

free specimens were tested independently, giving separate data on the tensile strength across 
the grain of the plain-sawed material and the quarter-sawed material. The average of the unit 
strengths of the individual members was then taken as the strength of the free specimen. The 
glue specimens were necessarily tested as a unit. As shown in figure 7, the tensile strength 
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across grain (across the face of the board) of plain-sawed material is designated as radial tensile 

strength, and that of quarter-sawed material is designated as tangential tensile strength, on 

account of the nature of the failure. 

The ratio of radial to tangential tensile strength across the grain obtained in this investiga¬ 

tion, for these species, is shown in plate 2, in which each plotted value is the average of five tests. 

This ratio seems to be independent of moisture content up to 20 per cent, but varies over a 

comparatively large range at all moisture contents. The average relations found for each 

species in this test are given in Table 2. 

Table 2.—Ratios between radial and tangential strength across grain. 

Species. 
R 
T 

G 
T 

G 
R 

Central American mahogany. 
Philippine mahogany. 
Yellow birch. 

0. 73 
.80 
. 81 
. 70 
. 70 
.50 

0. 87 
.90 
.91 
. 85 
. 84 
. 78 

1. 17 
1. 12 
1. 11 
1. 22 
1. 23 
1. 39 

Yellow poplar. 
Red gum. 
N orthern red oak. 

R = unit radial tensile strength across grain, pounds per square inch. 
T= unit tangential tensile strength across grain, pounds per square inch. 
G = unit tensile strength across grain or glued specimens, pounds per square inch. 

these ratios indicate that plain-sawed lumber is weaker in tension across the face of the 

board than quarter-sawed lumber, particularly in red oak. The medullary rays of oak are very 
large and prominent, and checking often occurs along 

these rays in drying lumber. This fact may account 

R 
for the extremely low ratio of ~ for oak. It also in¬ 

dicates how easily drying may reduce the radial 

strength across grain of plain-sawed oak lumber. 

Comparison of tensile strength across grain with 

changes in moisture content.—Results of the test on 

series covering this study are shown in plates 3 and 4. 

Ratios of maximum unit loads carried by glued speci¬ 

mens to maximum unit loads carried by free speci- 

2G 
mens are shown at values of j^rf) and are plotted 

against change in moisture content after gluing. 

2G 
It will be seen that values of do not always equal unity, indicating a difference in 

strength between glued specimens and free specimens. This may be due either to the presence 

of internal stresses or to the elastic properties of the wood. If internal stresses are present, 

the capacity of the specimen to sustain external loading is ordinarily reduced, giving a ratio 

ess than unity. A similar ratio is also obtained if the elastic properties of the members making 

up the glued specimens are not the same. The strongest member receives maximum load and 

fails, thus throwing the whole load on the remaining members and producing failure. The 

total load which the piece will therefore support may be less than the combined capacity of all 

the members. In any case, j, could not exceed unity unless the glue film adds strength, 

and could reach unity only if internal stresses were so distributed that the maximum strength 

ol all members is reached at the same deformation, which would be rather unusual. 

Heavy lines at values of unity for are drawn on plates 3 and 4. In Central American 

mahogany, Philippine mahogany, and yellow poplar, the values ofdo not vary far from 

tangential tensile 
strength 

across grain 

Fig. 7. 

radial tensile 
strength 

ocross grain 
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unity, and are not appreciably affected by change in moisture content after gluing. In the 

values for yellow birch, red gum, and northern red oak, however, there seems to be a reduction 

in strength as losses in moisture content take place after gluing. This inclination can not be 

due to difference in elastic properties of members in glued pieces, for such differences would be 

practically the same for all changes in moisture content. It is more likely due to the presence 

of internal stresses. 
The specimens of plate 3 were manufactured and conditioned similar to those of plate 4. 

The shrinkage properties of all species are similar although different in degree; hence, if internal 

stresses are developed in one species, they might reasonably be expected in others, and the 

presence of internal stresses in some species but not in others seems inconsistent. The period, 

of conditioning before test, however, was not uniform for all specimens. Central American 

mahogany, Philippine mahogany, and yellow poplar are species of wood which change moisture 

content rapidly and reach equilibrium in a constant atmospheric condition in a comparatively 

short time. The species in plate 4 are of greater density, change moisture content more slowly, 

and have greater radial and tangential shrinkage than those of plate 3, and would consequently 

develop greater stresses with moisture changes. 

The conditioning data show that specimens of yellow poplar and Philippine mahogany 

were allowed to remain under constant atmospheric conditions for some time after constant 

weight had been reached, being tested after periods of 13 to 25 days in the final conditioning 

room. The values of 0.91 and 0.93 at moisture losses of 10.8 amd 9.5 per cent in Central 

American mahogany are from specimens tested after a period of only five to seven days, and 

the periods for values shown on plate 11 range from five to eight days. Apparently, where 

. j, 2G 
ratios of have fallen off, indicating the presence of internal stresses, the specimens were 

tested after having been subjected to climatic change for only a short period, while in those 

permitted to condition under uniform atmospheric condition for longer periods before test, 

internal stresses were not present. Since the species for which these ratios showed internal 

stress require longer periods to reach equilibrium with climatic changes than the species for 

which the ratios showed no internal stress, the results indicate that the magnitude of internal 

stresses changes with time. The internal stresses are set up as swelling or shrinkage takes 

place, which in turn depends on the change in moisture content. After constant weight is 

reached, however, further stresses are not set up, and, judging from the results of this test, 

those already set up seem to die out. 

Had the specimens for values in plate 4 remained in conditioning rooms for longer periods 

before test, their ratios would no doubt have approached unity, and if allowed to remain for 

comparatively long periods, would probably have equaled the ratio of specimens in which no 
moisture change took place. 

The results of these tests do not permit us to study the rate of change of internal stress, 

either while in development, or while dying out. Neither can the maximum internal stress 

developed be determined from these results, for some tests were perhaps made while stresses 

were not fully developed, and in others the stresses at the time of test had already fallen below 

the maximum. Maximum internal stresses, however, would in all cases be as great or greater 
than any shown in this study. 

Relation between tensile strength across grain of blocks made of all quarter-sawed boards as 

compared to blocks of all plain-sawed boards.—The relation between the tensile strength across 

grain of flat-sawed and of quarter-sawed material has already been given in Table 2. The 

tensile strength across grain (across the face of the board) of quarter-sawed material being greater, 

laminated stock of quarter-sawed material will develop the greatest strength in the direction 

of glue joints, and, because of its lesser shrinkage, will develop smaller internal stresses, acting 

parallel to the glue joints. Purely plain-sawed constructions produces the weakest structure 
in the direction of the glue joints. 
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The maximum strength that can possibly be developed in laminated construction is ob¬ 

viously the sum of the maximum strengths of the individual members. Where plain-sawed 

and quarter-sawed material are both used in the laminated construction, the maximum unit 

strength G occurs when it equals —^’ or ^ ^ y = 1. Using this maximum strength value of G as 

1, the maximum unit strength of laminated construction containing both plain-sawed and quarter- 

sawed material compared to the unit strength of purely quarter-sawed construction becomes 

R 4- T G G 
~2T~==yr‘ Values of ^from the test are shown in Table 2, and plotted in plates 10 and 11. 

This value was always found to be less than unity. 

G G 
Values of y, and ^ when G= 1 are shown as dotted lines in plates 3 and 4. In the specimens 

G 
made of northern red oak, values of p were more variable when conditioned from a high mois¬ 

ture condition directly to a dry condition (lower set of data for northern red oak, plate 4) than 

when conditioned from a high to a low moisture content by successive steps (upper set of data 

for northern red oak, plate 4). This is perhaps due to the ease with which this species checks 

along the medullary rays in rapid drying. When once formed, these checks permanently 

reduce the radial tensile strength of the wood, for although swelling may again close the checks 

G 
and make them invisible the loss in strength is permanent. Values of y, are not so affected 

since incipient shakes occur less frequently in this direction. 

CONCLUSIONS FROM SERIES A TESTS. 

From this series of tests it is concluded that— 

1. Tensile strength across grain (across the face of the board) for quarter-sawed lumber is 

greater than for plain-sawed lumber. Plain-sawed lumber may be from 20 to 50 per cent 

weaker across the grain, depending upon the species and method of drying. 

2. The gluing together of plain-sawed and quarter-sawed stock gives rise to the develop¬ 

ment of internal stresses through unequal swelling and shrinkage with changes in moisture 

content, and results in a weakening across grain of the laminated structure. 

3. When a laminated structure containing both quarter-sawed and plain-sawed members 

is subjected to conditions which cause a change in moisture content, the unequal swelling or 

shrinkage of different members induce stresses. These stresses reach a maximum and then 

gradually die out. The structure is then free from internal stresses but has assumed new dimen¬ 

sions; and, if the elastic limit of the wood has not been exceeded, the strength has not been 

affected. With each change of moisture content new stresses will be developed. 

ANALYSIS OF RESULTS OF SERIES B. 

THE INFLUENCE OF COMBINING MATERIAL OF UNEQUAL MOISTURE CONTENT ON THE STRENGTH OF LAMINATED 

CONSTRUCTION. 

Test specimens for this series of tests were made of the following species, as outlined in the 

working plan: 

Central American mahogany. 

Philippine mahogany. 

Hard maple. 

Yellow poplar. 

Yellow birch. 

African mahogany. 

Northern white oak. 

Northern red oak. 

Red gum. 
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Specimens were manufactured in which the moisture content of the core differed frt 

he faces bv various amounts. The material for any species was either entirely plair 

com that 

of the faces by various amounts. The material lor an}7 species was either entirely plain sawed 

or entirely quarter sawed and within specimens was uniform in density. Specimens as before 

described were subjected successively to various atmospheric conditions before test. 

The properties of hide glue were found to affect materially some of the results of this test. 

Hide glue is hygroscopic, and its strength varies rapidly with moisture changes. When exposed 

to a 90 per cent relative humidity, this glue softens until it has very little strength, and glue 

joints open, as shown in plate 5. Plate 6 shows 

the result of attempting to glue together lami¬ 

nations of red oak at 18 per cent moisture con¬ 

tent. Sufficient water did not leave the glue to 

permit it to set and deyelop its full strength. 

In this series the specimens glued at 18 per 

cent moisture content showed no adhesion until 

the moisture content of the wood had been 

reduced to the point of setting. By this time, 

the dry members of the series had absorbed 

moisture and the actual difference in moisture 

content between core and faces at the time when 

the glue was able to transmit stress was much 

less than when the pieces were first assembled. 

The development of internal stress in these 

specimens would therefore correspond to mois¬ 

ture difference when the glue had set enough 

to transmit stresses, rather than to the original 

moisture difference. 

In the conditioning of specimens, this factor 
again appeared. Upon entering an atmosphere 

of 90 per cent relative humidity, the glue 
softened within a few days, and members of 
specimens under stress were permitted to move 

over each other, thereby relieving the stress. 
The initial stress having disappeared and no 

further source of internal stress being present, 
all subsequent tests would show complete 
regain in strength. 

Hard maple (pi. 7). 

Specimens of this species were made of 
plain-sawed material. Those glued with mois¬ 

ture differences of 11 per cent began to check 
and split open soon after gluing, as illustrated 

in plate 8. The shrinkage of the wet member 

and the swelling of the dry member in coming 

to a common moisture content were so rapid 

in these specimens that stresses beyond the 

strength of the wood were developed and failure resulted. Specimens similarly manufactured 

which did not check and split open showed low strength ratios upon being tested from the glue 

room, but after being conditioned in room 1 or 3, showed a considerable regain in strength, and 

continued to regain strength with further conditioning. Similar results were obtained on 

specimens glued at smaller moisture differences, indicating that the magnitude of the internal 

stresses was decreasing with continued conditioning. In practically all cases, specimens 

conditioned in a high humidity showed remarkable regain in strength, due probably to softening 

of the^glue and^consequentfrelease of^stresses 

■' -s;>v 

Plate 5.- ■Showing failure of glue joints when subjected to high 
humidity conditions. 
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Results of tests on specimens glued at uniform moisture content were quite uniform, 

indicating that where stresses are not developed, variations for the species are quite small. 

The elastic properties of members of glued specimens being quite similar, no variation in strength 

ratios would be expected from this source. 

Philippine mahogany (pi. 0). 

Specimens of this species were made of plain-sawed material. Results of these tests were 

much more uniform than in maple and no failures directly after gluing were recorded. Even 

with initial moisture differences of 8 and 11 per cent, specimens tested from the glue room 

showed a maximum of only 10 to 20 per cent reduction in strength, and this was reduced by 

further conditioning until it fell within the strength variations for this species. As in the series 

I 
1 «__• - » ......... 

L 
_ ^ 

Plate 6.—Showing glue joint failures (northern white oak). Pieces glued at 18 per cent moisture content and held under pressure for 24 hours 

of plain-sawed and quarter-sawed specimens, a comparatively longer period of conditioning was 

given specimens of Philippine mahogany, permitting reduction in internal stress to take place 
before test. 

Central American mahogany (pi. 10). 

Specimens of this species were made of plain-sawed material. This species changes moisture 

content rapidly, and its radial tensile strength across grain is low and somewhat variable, resulting 

in a large variation in strength ratios, even when the specimens were glued at uniform moisture 

content. In specimens glued with moisture differences between face and core, results were more 

variable, regain in strength being found in some specimens and apparent loss in strength being 
found in others. 

There seemed to be a general inclination toward higher strength ratios at low moisture con¬ 

tents. If the glue film adds any strength, its effect on the strength ratio would be most apparent 

in species of low tensile strength, across grain and at low moisture contents, at which glue has 

its greatest tensile strength. This may be partly responsible for such inclination in this species. 

Yellow birch (pi. 11). 

Specimens were made of plain-sawed naterial. Moisture changes take place comparatively 

slowly in this species, and the radial tensile strength across the grain is comparatively high. 
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Consequently, strength ratios were more uniform. In specimens manufactured with large 

moisture differences no great development of internal stress appeared when tests were made on 

them directly on leaving the glue room, and further conditioning brought practically all results 

within the strength variation for this species. 

Yellow poplar (pi. 12). 

Specimens were made of plain-sawed material. This species is easily affected by 

moisture changes. In other species 0 and 3 per cent differences compared favorably; 

hence only the 3 per cent differences were included. As shown in the series on 

plain-sawed and quarter-sawed specimens, the 

study on yellow poplar was extended over a 

comparatively long period of time. This was 

not intentional, but was due to unforeseen 

delays in testing. Results of tests for this 

species gave little indication of stress at time 

of test, showing that if stresses had developed, 

they had disappeared before test to such an 

extent that strength ratios fell within the 

strength variation for the species. 

African mahogany (pi. 13). 

Specimens were made of quarter-sawed 

material. This species changes moisture con¬ 

tent readily. Strength ratios for specimens 

glued with large moisture differences were 

only slightly lower than for those glued at 

uniform moisture content, and were a maxi¬ 

mum when tested at low moisture contents, 

again suggesting the possibility of glue-film 

strength affecting the ratio. Only slight indi¬ 

cations of internal stress were found. 
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Plate 8.—Laminated maple showing tension failures due to moisture 
difference at time of gluing. Odd numbers indicate glued pieces. 
Even numbers indicate free pieces. 

Red gum (pi. 14). 

Specimens were made of quarter-sawed 

material. Tangential tensile strength across 

the grain is comparatively high, and moisture 

change takes place at a moderate rate. 

Strength ratios of specimens glued at large 

moisture differences showed as much as 20 per 

cent reduction in strength, but in nearly all cases this was reduced by further conditioning, 
indicating the dying out of stresses. 

Northern white oak (pi. 15). 

Specimens were made of quarter-sawed material. This species changes moisture content 

slowly, and possesses high tangential tensile strength across grain, giving rather small variation 

in strength ratios. Only slight indications of internal stress at time of test were found, and in 

such cases further conditioning served to reduce the magnitude of the internal stress. No 

doubt il the specimens had been tested immediately after reaching moisture equilibrium, 
greater stresses would have been found. 

Northern red oak (pi. 16). 

Specimens were made of quarter-sawed material. Tangential strength across grain is 

comparatively high, resulting in a small strength-ratio variation, and moisture changes take 

plau slow ly. Specimens were tested after conditioning in the glue room only. Indications 

of internal stress were slight, even for specimens manufactured with high moisture differences. 

iis was piobably due to the long conditioning period. Further conditioning served to reduce 

t u magnitude of internal stresses until they fell within the strength variation for the species. 
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Plate 12.—Results of tests showing relation between tensile strength across grain of laminated specimens (glued at uniform and at nonuniform 
moisture conditions) and tensile strength across grain of free specimens after both have been subjected to various atmospheric conditions. 
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Plate 14. Results of tests showing relation between tensile strength across grain of laminated specimens (glued at uniform and at nonuniform 
moisture conditions) and tensile strength across grain of free specimens after both have been subjected to various atmospheric conditions. 
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That internal stresses of serious magnitude can be developed by gluing together material 

of different moisture contents is shown by the failure of maple specimens soon after manufacture. 

While this action occurred only in the maple specimens for which the rate of shrinkage was high, 

internal stresses would likewise be set up, to a lesser degree perhaps, in the other species with 

relatively high rates of shrinkage. The rapid regain in strength in maple specimens which did 

not fail immediately after gluing, shows that the internal stresses are developed to a maximum 

and then die out, probably at a constantly decreasing rate. The results for other species con¬ 

form to the same theory and indicate that if specimens are allowed to condition for a long period 

of time, internal stress will completely disappear. 

CONCLUSIONS FROM SERIES B TESTS. 

From this series of tests the following conclusions seem warranted: 

1. The gluing together of laminations of different moisture contents gives rise to internal 

stresses on account of the unequal swelling and shrinkage as the laminations approach a com¬ 

mon moisture content. This results in a weakening across the grain of the structure, which 

may be of sufficient magnitude to cause rupture of members of the laminated structure. 

2. When a laminated structure is composed of members whose moisture contents are 

not the same, the moisture in the wood tends to equalize, and stresses are set up in the structure 

through unequal shrinkage or swelling of the members. These stresses die out, leaving the 

structure stress-free but with changed dimensions: and, if the elastic limit of the wood has 

not been exceeded, the strength is not affected. If the structure is subjected to further 

moisture change, no stresses are induced, since all members have reached the same condition 

and act together. 

3. Animal glue used in these tests does not set properly when the laminations are of rather 

high moisture content. The exact point where unsatisfactory results occur can not be deter¬ 

mined from the data secured, but it appears to be between 15 and 18 per cent. Also, glued 

specimens placed under conditions tending to produce a moisture content of from 15 to 18 

per cent in the wood indicate that the glue softens and permits the laminations to be easily 

pulled apart. 
ANALYSIS OF RESULTS OF SERIES C. 

THE INFLUENCE OF COMBINING HIGH-DENSITY AND LOW-DENSITY MATERIAL ON THE STRENGTH OF LAMINATED 
CONSTRUCTION. 

Glued and free specimens were made in which faces and core differed in density. The 

direction of the annual rings within a species and the moisture content at gluing were made 

uniform. 

In this series the elastic properties of the wood also affect strength ratios of the test, high- 

density wood usually having greater strength 7 and elasticity than low-densit}' wood. Results 

of the tests are shown in plates 17 to 21, inclusive. 

Central American mahogany. 

This is a species of relatively low radial tensile strength across the grain. Small variations 

in strength result, therefore, in considerable variation of strength ratios, as seen in plate 17, 

where laminated specimens of uniform density gave variable results with or without moisture 

changes. Theoretically, these specimens developed no internal stress with moisture changes, 

and the strength ratios should equal unity. 

In the specimens made of mixed-density material, greater variations were obtained, 

possibly due to variation in elastic properties, to the presence of internal stresses, or to both. 

Internal stresses should come, however, only with changes in moisture content, because the 

laminations were brought to equilibrium before being glued. Specimens in which moisture 

changes had taken place showed only slight reduction in strength ratio below those having no 

change in moisture content, indicating that if internal stresses were present, they were of small 

magnitude. 

7 Bulletin No. 676, U. S. Department of Agriculture, ‘‘The Relation of the Shrinkage and Strength Properties of Wood to its Specific Gravity,1' 
by J. A. Newlin and T. R. C. Wilson. 

53006—23-24 
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Hard maple. 

This is a species of relatively high radial tensile strength across the grain, and strength 

ratios (pi. 17) for specimens of uniform density were less variable than for Central American 

mahogany. Although greater variation of strength ratios, due probably to variation in elastic 

properties, is found in specimens of mixed density, average ratios remain the same for all 

moisture changes, indicating that only slight, if any, internal stresses were present at time 

of test. 

Philippine mahogany. 

This is a species of relatively low radial tensile strength across the grain, and strength 

ratios for this species (pi. 18) were somewhat variable for specimens of uniform density. 

Specimens of mixed density gave strength ratios somewhat more variable, but with the same 

average over all ranges of moisture change, indicating but slight, if any, internal stresses 

present at the time of testing. 

Yellow poplar. 

This is a species of medium but variable radial tensile strength across the grain, giving 

quite variable strength ratios, even for specimens of uniform density material (pi. 21). Speci¬ 

mens of mixed density material showed a similar variation in the tensile strength across grain, 

but indicated at the time of test no development of appreciable internal stresses due to change 

in moisture content. 

Yellow birch. 

This is a species of relatively high radial tensile strength across the grain, and strength 

ratios for uniform density specimens are only moderately variable (pi. 19). Specimens of 

mixed density gave no indication of internal stress development with moisture changes, except 

those having greatest density difference (jj> = -779— .761^. The values here are so few, how¬ 

ever, that they can not be taken to indicate serious stress conditions inconsistent with values 
for specimens of other densities. 

African mahogany. 

This species is of comparatively low tangential tensile strength, and quite variable strength 

ratios were obtained for specimens of uniform and of nonuniform density material. The results 

(pi. 18) do not indicate moisture changes causing any serious development of internal stress at 
time of test. 

Northern white oak. 

This species is of comparatively high tangential tensile strength across the grain, giving 

uniform strength ratios (pi. 20). Specimens of mixed density gave strength ratios as great as 

those of uniform density, indicating that there were no internal stresses at time of test. 

Northern red oak. 

This species also possesses relatively high tangential tensile strength across the grain, 

and the strength ratios (pi. 20) are comparable in uniformity with those of other species. No 

indications of internal stress at time of test were found. 

Red gum. 

This species is lower in tangential tensile strength across grain than the oaks and is also 

more variable. Results (pi. 19) for specimens of mixed density do not indicate lower strengths 

than for those of uniform density, nor were internal stresses apparent at time of test. 

CONCLUSIONS FROM SERIES C TESTS. 

The results of these tests do not indicate that internal stresses of any serious magnitude 

are developed by the unequal shrinkage properties of material of rather extreme densities 

within the species studied. While stresses may be set up in laminated construction containing 

material of the various densities found within a species, they are apparently of small magni¬ 

tude and within a comparatively short time become so small that they fall within the variation 
of the strength properties. 
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From this series of tests the following conclusion appears warranted: 

When laminations of very high and very low densities are combined to form a laminated 

structure, change of moisture content induces stresses on account of the unequal shrinkage or 

swelling of the members. These stresses disappear, and, if the elastic limit of the wood has 

not been exceeded, only a change in dimension results. Further changes in moisture content 

induce new stresses. Within a single species the stresses so induced are relatively small, how¬ 

ever, and not likely to be serious except in extreme cases. 

Plate 21.—Results of tests showing relation between tensile strength across grain of laminated specimens (glued of uniform density and of non- 
uniform density stock) and tensile strength across grain of free specimens after both have been subiected to various atmospheric conditions. 

DISCUSSION OF RESULTS. 

The outstanding feature of this series of investigations is the decrease in magnitude of 

internal stresses with time. Although shrinkage governs the development of internal stresses, 

the time factor affects the permanency of these stresses. In laminated construction containing 

plain-sawed and quarter-sawed material, results showed internal stresses in specimens tested 

after a comparatively short period of conditioning, but showed absence of such stresses where 

specimens were conditioned for comparatively long periods before test, due consideration being 

given to the rate of moisture change peculiar to the species. Thus there is strong indication that 

internal stresses die out under constant uniform atmospheric conditions. 

Evidence from the series in which material of different moisture contents was glued together 

showed development of internal stresses in some specimens of maple sufficient to cause rupture. 

In other specimens sim’ilarily made, which did not fail under internal stresses and which were 

allowed to condition under uniformly constant atmospheric conditions, there was evidence of a 

remarkable regain in strength, corroborating further the theory that internal stresses die out 

in time, provided atmospheric conditions remain constant. Results from the other species of 
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this series showed the development of internal stresses to a lesser extent, and likewise showed 

regain in strength with continued conditioning. 
The series in which variable shrinkage due to density difference was studied indicated that 

stresses developed from this source are much less significant than those caused by moisture 

differences at time of gluing, or by the combining of plain-sawed and quarter-sawed material. 

The results have shown that internal stress in numerous species disappears under constant 

atmospheric conditions, but the specimens suffered permanent deformation. This must be due 

to a property of the wood fiber, by virtue of which it may be deformed and develop resistant 

stress, but in which the stress gradually disappears, leaving the deformation permanent. Such 

property must be inherent in the wood itself, irrespective of the source of internal stress, and the 

theory explains the dying out of internal stresses in the laminated specimens of these tests. In 

order, however, that the strength of the wood shall not be permanently reduced, internal stresses 

must not have exceeded its elastic limit. 

The development of internal stresses is due to unequal shrinking and swelling, and the 

magnitude of stress developed will vary with the magnitude of such inequality. The inequality 

of shrinkage within a species between wood of low density and wood of high density, for any of 

the species studied in this test, does not seem to be enough to cause serious internal stress with 

moisture changes of even 10 or 12 per cent. Stresses so developed eventually die out when 

a uniform moisture content is maintained. Any change in moisture content develops new 

stresses, which also eventually disappear under constant moisture conditions. 

Between plain-sawed and quarter-sawed material the inequality of shrinkage is greater; 

and larger stresses are developed with moisture changes. Moisture differences between lamina¬ 

tions at gluing can develop stresses of even greater magnitude, capable sometimes, as shown in 

the test, of causing failure without application of external loading. 

The shrinkage properties given in Table 1 give some indication of the factor which is likely 

to develop the greatest internal stress in laminated construction of any species. Values from 

Table 1 may be used in comparing the magnitude of unequal shrinkage in laminated construc¬ 

tion of plain and quartered material when undergoing moisture changes after manufacture, 

with the unequal shrinkage caused by gluing together material of different moisture contents. 

Internal stresses that have once died out do not always recur with a change in moisture 

content. When only moisture differences exist at the time of gluing, the source of stress dis¬ 

appears when a common moisture content is reached. Thereafter all members will change 

moisture content at the same rate, and shrinking or swelling will be approximately equal. 

Unequal shrinkage due to density difference, or to method of sawing, does not perma¬ 

nently disappear with conditioning, and each moisture change sets up new stresses, irrespective 

of previous moisture contents or conditioning. 

The results of this test do not indicate the rate of development or disappearance, nor the 

magnitude to which internal stresses are developed. Failure of specimens in maple indicated 

that internal stresses beyond the strength of the wood may be developed. Stresses measured 

at test give merely the stress at that particular time and can not be taken as the maximum. 

1 he rate of development and disappearance of stress no doubt varies with the size of construc¬ 

tion, species of wood used, and magnitude of source of stress, and can be determined only by 
an actual test with respect to time. 

In commercial practice, the sources of stress frequently occur in combination; and each 

lends its influence with respect to the development of internal stresses. Plain-sawed and 

quarter-sawed material of different densities and at different moisture contents are frequently 

combined. Since gluing at different moisture contents causes the greatest development of 

internal stresses, elimination of this source of stress is highly desirable. This can be accom¬ 

plished only by bringing the moisture content of material to the same uniform condition before 

tie structure is glued up. Combining plain-sawed and quarter-sawed material in the same 

structure develops stress of somewhat lesser magnitude with moisture changes. Where maxi¬ 

mum strength across grain, in the direction of the glue joints, is desired in built-up construction, 
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mixing plain and quartered material should be prohibited, as it results in a weakening of the 

structure which may be temporary but will return with each subsequent change in moisture 

content. 
Controlling variables to eliminate the development of internal stresses increases the diffi¬ 

culties of manufacture. The density of wood is difficult to determine except by actual tests, 

and the slight development of stresses from this source can be more easily offset by the use of 

somewhat lower working stresses. Moisture differences before gluing can be eliminated by 

proper conditioning of the material, which, although not inexpensive, is highly desirable because 

of the stresses thereby avoided. Matching material for uniformity in direction of annual growth 

rings reduces the amount of available material and increases the cost of the finished article 

quite appreciably. Only two courses of action can be followed to eliminate the development 

of serious stresses from this cause. Either the material must be selected to give uniform match¬ 

ing of grain—and this only serves to minimize the development of stresses with moisture 

changes—or the moisture content of the construction containing both plain-sawed and quarter- 

sawed material must be prevented from changing, an extremely difficult task to accomplish. 

The effect of internal stresses in airplane propellers can be minimized by the proper con¬ 

trol of manufacturing. Tests on airplane propellers have shown that changes in moisture con¬ 

tent cause finished propellers to warp and become unfit for service.8 Preventing such changes 

by maintaining constant moisture content would also eliminate any development of internal 

stress, provided moisture contents at gluing were uniform, and the maximum strength of the 

propeller would be retained. 

s “The Influence ol Atmospheric and Manufacturing Conditions on Airplane Propellers.” Project 233, dated July 8,1920,by A. L. Heim and 
A. C. Knauss. 



APPENDIX A.—WORKING PLAN. 

PURPOSE OF THE INVESTIGATIONS. 

Field observations and tests of timber construction involving laminations and glued joints 

have indicated that differences in moisture content, differences in density, the combining of 

quarter-sawed with plain-sawed material induce stresses due to atmospheric conditions that 

cause checking or opening of the glued joints, or combine with working stresses, and in this way 

contribute to failure. 
The purpose of this investigation is to obtain information for use in the design and con¬ 

struction of airplane members made of laminated wood, with special reference to propellers. 

Conditions similar to those of field service will be maintained and controlled and the test 

specimens subjected to them. Rooms will be provided in which there can be maintained 

under control constant conditions of temperature and relative humidity. These conditions 

are to be such as to approximate the extreme condi¬ 

tions found in actual service. 

The specific information sought is: 

1. A comparison of the strength across the grain 

of laminated construction made entirely of quarter- 

sawed material, partly of quarter-sawed and partly of 

plain-sawed, and entirely of plain-sawed boards under 

such conditions as may take place after gluing, after 

the seasoning period, or in transferring the glued mem¬ 

ber from one condition to another. 

2. A comparison of the strength across the grain of 

laminated construction made of pieces of different densities, with the view of determining the 

limit of density difference that may be safely had in the constituent members of laminated 

construction when they undergo certain atmospheric conditions. 

3. A comparison of the strength across the grain of laminated construction made of pieces 

differing in moisture content at the time of gluing, when these are subsequently allowed to 

come to a uniform moisture content. 

It is proposed to combine this information with data to be obtained from service failures 

and data taken on built-up propellers undergoing the same conditions, with a view of estab¬ 

lishing a recommendation as to the allowable moisture and density difference and restrictions 

upon the use of plain-sawed, quarter-sawed, or plain-sawed combined with quarter-sawed 

material. 
MATERIAL. 

Fig. 8.—Test specimen. 

In order to accomplish the purpose of this project, laminated test pieces will be made of 

each of nine species representing three classes of wood material used in propeller construction, 

and tested. Other species will be added later, if deemed advisable. A series of tests wfill be 

made for each of the following species of woods: 

Central American mahogany (Swetenia mahogani). 

African mahogany (Khaya senegalensis). 

Northern white oak (Quercus sp.). 

Northern red oak (Quercus sp.). 

Yellow birch (.Betula sp.). 

Red gum (Liquidamhar styracijlua). 

Yellow poplar (Liriodendron iuiipifera).' 

Hard maple (Acer saccharum). 

Philippine mahoganyj?($7mrea sp.). 
362 
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All pieces used in the test specimens are to be cut from clear material free from checks. 

This material will be selected from kiln-dried stock on hand at this laboratory, for which com¬ 

plete data on other wood properties is available. 

TEST SPECIMENS. 

The test specimens shall have the dimensions shown in Figure 8. Each test piece is to be 

made of three laminations, a center, % inch thick, and sides % inch thick. The laminations 

are to be glued together when practicable in 20-inch lengths, making blocks from each of which 

four standard specimens for tension across the grain are to be cut. Other test specimens are 

to be made up in the same manner, but not glued together. Each free specimen is to be matched 

to a glued-up specimen and serve as a standard of comparison for the glued-up blocks. These 

are to be tested in the usual manner. Laminations for the glued and free test pieces are to be 

matched end to end and taken as near each other as possible. Sketches will be made showing 

direction of the annual growth rings in each lamination of each specimen. 

Sample data sheet. 

Stick No. 
Wet 

weight 
stick. 

Wet 
weight 
disk. 

Dry 
weight 
disk. 

Dry 
volume 

disk. 

% 
moisture 
content. 

Density. 
High, av., 

or low 
density. 

Series 
assign¬ 
ment. 

Paired 
with 

stick No. 

% M. C. 
at 

gluing. 

Weight 
at 

gluing. 

Group 
assign¬ 
ment. 

1. 746 17.92 15.99 32.1 12.2 0.499 A I 179 7.0 712 I F (1-10) 
2. 754 17.96 16.25 32.0 10.5 .508 A I 180 7.0 730 IF (11-20) 
3. 752 18.00 16.15 31.7 11.5 .509 A HI 5 7.0 722 III A(l-10) 
4. 742 17.90 15.87 32.0 12.8 .496 A I 206 7.0 703 I G (1-10) 
5. 747 17.62 15.89 31.6 11.0 .503 A III 3 7.0 720 III A(l-10) 
6. 838 20.36 18.46 32.7 10.3 .565 H II 7 18.0 897 II H (1-10) 
7. 841 20.34 18.35 32.7 10.8 .561 H II 6 18.0 895 II H (1-10) 
8. 721 17.00 15.31 33.0 10.8 .464 L 11 17 14.0 742 II Y(51-60) 

•-3'S"-• 

- <r'~ 1 , 
m . ~i«»- 
^ Moisture and density disc. ^ Stick 

Fig. 9.—Sheet showing data used in determining physical properties of material and assignment to schedule of working plan. 

Rod Gum Serleo I Conditioning Record 

Glue Room Room Room 

Room No.l No.2 No.3 

Teat 

Pieces 

May 

1 2 3 4 5 6 7 6 9 io| 11 12 14 15 16 17 IS 19 20 21 22 23 2k 25 26 27 2S 29 30 31 

W////////M Group A 1-20 7 T 

’mmm 21-1*0 7 T 

41-60 7 T 

mm/im 61-80 7 T 

_ Group C 1-20 7 T 
— 

21-40 7 T 

41-60 7 T 

61-80 7 T 

Group D 1-20 

21-40 

i 41-60 

61-80 

Group E 1-20 

21-40 

41-60 

61-80 

W/////M wmtw. Group F 1-20 7 T 

w/////////z. 21-40 7 T 

wm////A mm//;//, 41-60 7 T 

mmr//, ’ 61-80 7 T 

V//////////A Group G 1-20 

21-40 

41-60 

61-80 

m&//M RHMWH Group H 1-20 7 T 

21-40 7 T 

mwM mpzmmmmmmzz 41-60 7 T 

61-80 7 T 

7 = Specimens reached constant weight in final conditioning room. 

T = " were tested 

Fig. 10. Chart showing record of condit ioning of specimens. Portion of chart at left shows progress of specimens through rooms in conditioning 

schedule. 
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MOISTURE DETERMINATIONS. 

Moisture determinations will be made upon each board from which the 20-inch laminations 

are cut. Three blocks 1 inch in length along the grain are to be cut from approximately the 

third points of the board. A 1-inch section is to be cut from the center of each 20-inch block 

at the time the block is cut into test specimens, for the purpose of determining the average 

moisture content of the block. Moisture determinations will also be made upon each test piece 

after rupture—one-half of the broken test piece is to be sawed apart and the moisture content 

obtained for each lamination—the average moisture content of the test piece to be obtained 

from the other half en masse. The test specimens will be weighed at such intervals as are 

necessary for obtaining information on the rate of change of moisture in laminated construction. 

MARKING. 

All of the information available (shipment, tree, and piece) shall be indicated in the standard 

way. Besides these items the test specimen is to have a mark giving the series, the group, and 

the number. Series are to be indicated with roman numerals, groups with capital letters, and 

the numbers with ordinary Arabic numerals. In such cases, when test pieces are made of the 

same material as the propellers outlined in working plan for project L-233 ND as regards density, 

moisture content, etc., the test specimen is to have a mark corresponding to the mark on the 

propellers. 
SERIES 1.-MATCHING PLAIN SAWED WITH QUARTER SAWED. 

Preparation oj test pieces.—The center lamination of each test piece is to be quarter sawed 

and the sides plain sawed. All laminations are to be cut from clear material, free from checks. 

Density shall be based upon oven-dry weight and volume, and a determination shall be made 

upon each of the boards from which the 20-inch laminations are cut. Moisture conditions are 

to be obtained by means of the conditioning rooms provided for this purpose. The average 

moisture content will be determined by weighing the test pieces from time to time. Each test 

specimen will be conditioned in consecutive rooms, passing through all of the conditions preced¬ 

ing that condition at which the test piece is to be broken.9 

The following temperatures and humidities are to be maintained in the conditioning rooms: 

Relative 
humidity. 

Tempera¬ 
ture. 

Glue room. 
Per cent. 

65 
55 
30 
60 
90 

° F, 
90 
70 
80 
80 
80 

. 

Workshop. 
First conditioning room. 
Second conditioning room. 
Third conditioning room. 

GROUP A. 

Average moisture content throughout the test pieces at the time of testing to be that pro¬ 

duced by conditioning in the glue room. Odd numbers indicate test specimens that are glued 

up; even numbers indicate test specimens that are not glued up. 

Conditions at the time the test pieces are glued together. 

No. Number of 
test pieces. 

Moisture per cent when glued. 

Center quarter 
sawed. 

Sides flat 
sawed. 

1-20 20 t-r 
l 7 

21-40 20 10 10 
41-60 20 14 14 
61-80 20 18 18 

8 See “Purpose of the Investigations,” above. 
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GROUP B. 

365 

Average moisture content throughout the test pieces at the time of testing to be that produced 

by final conditioning in the workshop after conditioning in the glue room. Odd numbers indi¬ 

cate test specimens that are glued up; even numbers indicate test specimens that are not 

glued up. 
Conditions at the time the test pieces are glued together. 

No. Number of 
test pieces. 

Moisture per cent when glued. 

Center quarter 
sawed. 

Sides flat 
sawed. 

1-20 20 7 7 
21-40 20 10 10 
41-60 20 14 14 
61-80 20 18 18 

GROUP 0. 

Average moisture content throughout the test pieces at the time of testing to be that produced 

by final conditioning in the first conditioning room after conditioning in the glue room and then 

in the workshop. Odd numbers indicate the test specimens that are glued up; even numbers, 

test specimens that are not glued up. 

Conditions at the time the test pieces are glued together. 

No. Number of 
test pieces. 

Moisture per cent when glued. 

Center quarter 
sawed. 

Sides flat 
sawed. 

1-20 20 7 7 
21-40 20 10 10 
41-60 20 14 14 
61-80 20 18 18 

GROUP D. 

Average moisture content throughout the test pieces at the time of testing to be that produced 

by final conditioning in the second conditioning room after conditioning in the glue room and 

the first conditioning room consecutively. Odd numbers indicate test specimens that are 

glued up; even numbers indicate test specimens that are not glued up. 

Conditions at the time the test pieces are glued together. 

Moisture per cent when glued. 

No. Number of 
test pieces. 

Center. Sides. 

1-20 20 7 7 
21-40 20 10 10 
41-60 20 14 14 
61-80 20 18 18 

GROUP E. 

Average moisture content throughout the test pieces at the time of testing to be that produced 

by final conditioning in the third conditioning room after conditioning in the glue room, work 

shop, first and second conditioning rooms consecutively. Odd numbers indicate test specimens 

that are glued up; even numbers indicate test specimens that are not glued up. 
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Conditions at the time the test pieces are glued together. 

Moisture per cent when glued. 

No. 

, 

Number of 
test pieces. 

Center. Sides. 

1-20 20 7 7 
21-40 20 10 10 
41-60 20 14 14 
61-80 20 18 18 

GROUP F. 

Average moisture content throughout the test pieces at the time of testing to be that produced 

by final conditioning in the third conditioning room after conditioning in the glue room and then 

in the work shop. Odd numbers indicate test specimens that are glued up; even numbers indi¬ 
cate test specimens that are not glued up. 

Conditions at the time the test pieces are glued together. 

/ Moisture per cent when glued. 

No. Number of 
test pieces. 

Center. Sides. 

1-20 20 7 7 
21-40 20 10 10 
41-60 20 14 14 
61-80 20 18 18 

GROUP G. 

Average moisture content throughout the test pieces at the time of testing to be that produced 

by final conditioning in the second conditioning room after conditioning in the glue room, 

work shop and third conditioning room consecutively. Odd numbers indicate test specimens 

that are glued up; even numbers indicate test specimens that are not glued up. 

Conditions at the time the test pieces are glued together. 

No. Number of 
test pieces. 

Moisture per ce 

Center. 

nt when glued. 

Sides. 

1-20 20 7 7 
21-40 20 10 10 
41-60 20 14 14 
61-80 20 18 18 

GROUP H. 

Average moisture content throughout the test pieces at the time of testing to be that produced 

b;y final conditioning in the first conditioning room after conditioning in the glue room, work 

shop, and third and second conditioning rooms consecutively. 

Conditions at the time the test pieces are glued together. 

Moisture per cent when glued. 

No. Number of 
test pieces. 

Center. Sides. 

1-20 20 7 7 
21-40 20 10 10 
41-60 20 14 14 
61-80 20 18 18 
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SERIES 2.—DENSITY DIFFERENCE. 

367 

Preparation of test pieces.—The laminations for birch and mahogany are to be cut from 

plain-sawed material and the laminations for oak are to be cut from quarter-sawed material. 

All material is to be clear and without checks. Density is to be determined upon three 1-inch 

sections cut from each board at approximately the third points. After the density has been 

determined, the boards are to be selected. Three groups are to be made consisting of boards 

having a comparatively high density, a comparatively low density, and a mixed density. 

These test pieces are to be marked with numbers corresponding to numbers on propellers built 

under like conditions as to species, moisture content, and density. Each test specimen will be 

conditioned in consecutive rooms passing through all of the conditions preceding that condition 

at which the test piece is to be broken.10 

GROUP A. 

All laminations to contain 7 per cent moisture at the time of gluing and be of a compara¬ 

tively high density. Odd numbers indicate test specimens that are glued up; even numbers 

indicate test specimens that are not glued up. 

No. N umber of 
test pieces. 

Average moisture content at time 
f test. 

1- 20 20 Glue room conditions. 
21- 40 20 Work shop. 
41- 60 20 First conditioning room. 
61- 80 20 Second conditioning room. 
81-100 20 Third conditioning room. 

GROUP B. 

All laminations to contain 10 per cent moisture at the time of gluing and be of a compara¬ 

tively high density. Odd numbers indicate test specimens that are glued up; even numbers 
indicate test specimens that are not glued up. 

No. Number of 
test pieces. 

Average moisture content at time 
of test. 

1- 20 20 Glue room conditions. 
21- 40 20 Work shop. 
41- 60 20 First conditioning room. 
61- 80 20 Second conditioning room. 
81-100 20 Third conditioning room. 

GROUP C. 

All laminations to contain 14 per cent moisture at the time of gluing and be of a compara¬ 

tively high density. Odd numbers indicate test specimens that are glued up; even numbers 
indicate test specimens that are not glued up. 

No. Number of 
test pieces. 

Average moisture content at time 
of test. 

1- 20 20 Glue room conditions. 
21- 40 20 Work shop. 
41- 60 20 First conditioning room. 
61- 80 20 Second conditioning room. 
81-100 20 Third conditioning room. 

10 See “ Purpose of the Investigations,” above. 
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GROUP D. 

All laminations to control 18 per cent moisture at the time of gluing and be of compara¬ 

tively high density. Odd numbers indicate test specimens that are glued up; even numbers 

indicate test specimens that are not glued up. 

No. 
Number of 
test pieces. 

Average moisture content at time 
of test. 

1- 20 20 Glue room conditions. 
21- 40 20 Work shop. 
41- 60 20 First conditioning room. 
61- 80 20 Second conditioning room. 
81-100 20 Third conditioning room. 

GROUP E. 

All laminations to contain 7 per cent moisture at the time of gluing and be of a compara¬ 

tively high density. Odd numbers indicate test specimens that are glued up; even numbers 

indicate test specimens that are not glued up. 

No. Number of 
test pieces. 

Average moisture content at time 
of test. 

1-20 20 Third conditioning room. 
21-40 20 Second conditioning room. 
41-60 20 First conditioning room. 

GROUP F. 

All laminations to contain 10 per cent moisture at the time of gluing and be of a compara¬ 

tively high density. Odd numbers indicate test specimens that are glued up; even numbers 

indicate test specimens that are not glued up. 

No. Number of 
test pieces. 

Average moisture content at time 
of test. 

1-20 20 Third conditioning room. 
21M0 20 Second conditioning room. 
41-60 20 First conditioning room. 

GROUP G. 

All laminations to contain 14 per cent moisture at the time of gluing and be of a compara¬ 

tively high density. Odd numbers indicate test specimens that are glued up; even numbers 

indicate test specimens that are not glued up. 

No. Number of 
test pieces. 

Average moisture content at time 
of test. 

1-20 20 Third conditioning room. 
21-40 20 Second conditioning room. 
41-60 20 First conditioning room. 

GROUP H. 

All laminations to contain 18 per cent moisture at the time of gluing and be of a com¬ 

paratively high density. Odd numbers indicate test specimens that are glued up; even 

numbers indicate test specimens that are not glued up. 

No. Number of 
test pieces. 

Average moisture content at time 
of test. 

1-20 20 Third conditioning room. 
21-40 20 Second conditioning room. 
41-60 20 First conditioning room. 
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GROUP ,T. 

All laminations to contain 7 per cent moisture at the time of gluing and be of a compara¬ 

tively low density. Odd numbers indicate test specimens that are glued up; even numbers 
indicate test specimens that are not glued up. 

No. Number of 
test pieces. 

Average moisture content at time 
of test. 

1- 20 20 Glue room condition. 
21- 40 20 Work shop condition. 
41- 60 20 First conditioning room. 
61- 80 20 Second conditioning room. 
81-100 20 Third conditioning room. 

GROUP K. 

All laminations to contain 10 per cent moisture at the time of gluing and be of compara¬ 

tively low density. Odd numbers indicate test specimens that are glued up; even numbers 
indicate test specimens that are not glued up. 

No. Number of 
test pieces. 

Average moisture content at time 
oftest. 

1- 20 20 Glue room condition. 
21- 40 20 Work shop condition. 
41- 60 20 First conditioning room. 
61- 80 20 Second conditioning room. 
81-100 20 Third conditioning room. 

GROUP L. 

All laminations to contain 14 per cent moisture at the time of gluing and be of low 

density. Odd numbers indicate test specimens that are glued up; even numbers indicate 
test specimens that are not glued up. 

No. Number of 
test pieces. 

Average moisture content at time 
oftest. 

1- 20 20 Glue room condition. 
21- 40 20 Work shop condition. 
41- 60 20 First conditioning room. 
61- 80 20 Second conditioning room. 
81-100 20 Third conditioning room. 

GROUP M. 

All laminations to contain 18 per cent moisture at the time of gluing and be of low 

density. Odd numbers indicate test specimens that are glued up; even numbers indicate 
test specimens that are not glued up. 

No. Number of 
test pieces. 

Average moisture content at time 
of test. 

1- 20 20 Glue room condition. 
21- 40 20 Work shop condition. 
41- 60 20 First conditioning room. 
61- SO 20 Second conditioning room. 
81-100 20 Third conditioning room. 

53006—23-25 
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GROUP N. 

All laminations to contain 7 per cent moisture at the time of gluing and be of compara¬ 

tively low density. Odd numbers indicate test specimens that are glued up; even numbers 

indicate test specimens that are not glued up. 

No. 
Number of 
test pieces. 

Average moisture content at time 
of test. 

1-20 20 Third conditioning room. 
21-40 20 Second conditioning room. 
41-60 20 First conditioning room. 

GROUP O. 

All laminations to contain 10 per cent moisture at the time of gluing and be of comparatively 

low density. Odd numbers indicate test specimens that are glued up; even numbers indicate 

test specimens that are not glued up. 

No. Number of 
test pieces. 

. •----- 

Average moisture content at time 
of test. 

1-20 20 Third conditioning room. 
21-40 20 Second conditioning room. 
41-60 20 First conditioning room. 

GROUP P. 

All laminations to contain 14 per cent moisture at the time of gluing and be of a compara¬ 

tively low density. Odd numbers indicate test specimens that are glued up; even numbers 
indicate test specimens that are not glued up. 

No. Number of 
test pieces. 

Average moisture content at time 
of test. 

1-20 20 Third conditioning room. 
21-40 20 Second conditioning room. 
41-60 20 First conditioning room. 

GROUP R. 

All laminations to contain 18 per cent moisture at the time of gluing and be of compara¬ 

tively low density. Odd numbers indicate test specimens that are glued up; even numbers 
indicate test specimens that are not glued up. 

No. Number of 
test pieces. 

Average moisture content at time 
of test. 

1-20 20 Third conditioning room. 
21-40 20 Second conditioning room. 
41-60 20 First conditioning room. 

GROUP S. 

All laminations to contain 7 per cent moisture at the time of gluing and be of a mixed 

density. Odd numbers indicate test specimens that are glued up; even numbers test speci¬ 
mens that are not glued up. 

No. Number of 
test pieces. 

Average moisture content at time 
of test. 

1- 20 20 Glue room conditions. 
21- 40 20 Workshop conditions. 
41— 60 . 20 First conditioning room. 
61- 80 20 Second conditioning room. 
81-100 20 Third conditioning room. 
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GROUP T. 

All laminations to contain 10 per cent moisture at the time of gluing and be of a mixed 

density. Odd numbers indicate test specimens that are glued up; even numbers indicate test 
specimens that are not glued up. 

No. Number of 
test pieces. 

Average moisture content at time 
of tost. 

1- 20 20 Glue room conditions. 
21- 40 20 Workshop conditions. 
41- 60 20 First conditioning room. 
61- 80 20 Second conditioning room. 
81-100 20 Third conditioning room. 

GROUP U. 

All laminations to contain 14 per cent moisture at the time of gluing and be of a mixed 

density. Odd numbers indicate test specimens that are glued up; even numbers indicate test 
specimens that are not glued up. 

No. Number of 
test pieces. 

Average moisture content at time 
of test. 

1- 20 20 Glue room conditions. 
21- 40 20 Workshop conditions. 
41- 60 20 First conditioning room. 
61- 80 20 Second conditioning room. 
81-100 20 Third conditioning room. 

GROUP V. 

All laminations to contain 18 per cent moisture at the time of gluing and be of a mixed 

density. Odd numbers indicate test specimens that are glued up; even numbers indicate test 
specimens that are not glued up. 

No. Number of 
test pieces. 

Average moisture content at time 
of test. 

1- 20 20 Glue room conditions. 
21- 40 20 Workshop conditions. 
41- 60 20 First conditioning room. 
61- 80 20 Second conditioning room. 
81-100 20 Third conditioning room. 

GROUP W. 

All laminations to contain 7 per cent moisture at the time of gluing and be of a mixed 

density. Odd numbers indicate test specimens that are glued up; even numbers indicate 
test specimens that are not glued up. 

No. Number of Average moisture content at time 
test pieces. of test. 

1-20 20 Third conditioning room. 
21-40 20 Second conditioning room. 
41-60 20 First conditioning room. 
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GROUP X. 

All laminations to contain 10 per cent moisture at the time of gluing and be of a mixed 

density. Odd numbers indicate test specimens that are glued up; even numbers indicate 

test specimens that are not glued up. 

No. 
Number of 
test pieces. 

Average moisture content at time 
of test. 

1-20 20 Third conditioning room. 
21-40 20 Second conditioning room. 
41-60 20 First conditioning room. 

GROUP Y. 

All laminations to contain 14 per cent moisture at the time of gluing and be of a mixed 

density. Odd numbers indicate test specimens that are glued up; even numbers indicate 

test specimens that are not glued up. 

No. 
Number of Average moisture content at time 
test pieces. of test. 

1-20 20 Third conditioning room. 
21-40 20 Second conditioning room. 
41-60 20 First conditioning room. 

GROUP Z. 

All laminations to contain 18 per cent moisture at the time of gluing and be of a mixed 

density. Odd numbers indicate test specimens that are glued up; even numbers indicate test 

specimens that are not glued up. 

No. Number of 
test pieces. 

Average moisture content at time 
of test. 

1-20 20 Third conditioning room. 
21-40 20 Second conditioning room. 
41-60 20 First conditioning room. 

SERIES 3.—VARIATION IN MOISTURE CONTENT. 

Preparation of test pieces.—The laminations of any one test piece are to be all plain sawed 

or all quarter sawed and of the same density and rate of growth. The variations in moisture 

content are to be obtained either by drying (under conditions slightly more severe than air 

drying) in the laboratory or by placing the specimen in one of the conditioning rooms, pro¬ 

viding temperature and moisture conditions as required. Each test specimen will be con¬ 

ditioned in consecutive rooms, passing through all of the conditions preceding that condition 

at which the test piece is to be broken. 
GROUP A. 

Average moisture content throughout the test pieces at the time of testing to be that pro¬ 

duced by conditioning in the glue room. Odd numbers indicate test pieces that are glued up; 

even numbers indicate test pieces that are not glued up. 

Conditions at the time the test pieces are glued together. 

No. Number of 
pieces. 

Moisture per ce 

Center. 

nt when glued. 

Sides. 

1-20 20 7 7 
21-40 20 7 10 
41-60 20 7 14 
61-80 20 7 18 



INTERNAL STRESSES IN LAMINATED CONSTRUCTION. 373 

GROUP B. 

Average moisture content throughout the test pieces at the tune of testing to be that pro¬ 

duced by conditioning in the workshop. Odd numbers indicate test pieces that are glued up; 

even numbers indicate test pieces that are not glued up. 

Conditions at the time the test pieces are glued together. 

No. Number of 
pieces. 

Moisture per cent when glued. 

Center. Sides. 

1-20 20 7 7 
21-40 20 7 10 
41-60 20 7 14 
61-80 20 7 18 

GROUP C. 

Average moisture content throughout the test pieces at the time of testing to be that pro¬ 

duced by conditioning in the first conditioning room after conditioning in the workshop. Odd 

numbers indicate test specimens that are glued up; even numbers indicate test specimens 

that are not glued up. 
Conditions at the time the test pieces are glued together. 

Moisture per cent when glued. 

No. Number of 
pieces. 

Center. Sides. 

1-20 20 7 7 
21-40 20 7 10 
41-60 20 7 14 
61-80 20 7 18 

GROUP D. 

Average moisture content throughout the test pieces at the time of testing to be that pro¬ 

duced by conditioning in second conditioning room after conditioning in the workshop and the 

required period of time in the first conditioning room. Odd numbers indicate test specimens 

that are glued up; even numbers indicate test specimens that are not glued up. 

Conditions at the time the test pieces are glued together. 

Moisture per cent when glued. 

No. Number of 
pieces. 

Center. Sides. 

1-20 20 7 7 
21-40 20 7 10 
41-60 20 7 14 

61-80 20 7 18 

GROUP E. 

Average moisture content throughout the test pieces at the time of testing to be that pro¬ 

duced by conditioning in third conditioning room after conditioning in the workshop and the 

required period of time in the first and second conditioning' rooms. Odd numbers indicate 

test specimens that are glued up; even numbers indicate test specimens that are not glued up. 
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Conditions at the time the test pieces are glued together. 

No. 
Number of 

pieces. 

Moisture per ce 

Center. 

nt when glued. 

fides. 

1-20 20 7 7 

21-40 20 7 10 

41-60 20 7 14 

61-80 20 7 18 

GROUP F. 

Average moisture content throughout the test pieces at the time of testing to be that pro¬ 

duced by conditioning in the third conditioning room after conditioning in the workshop. Odd 

numbers indicate test specimens that are glued up; even numbers indicate test specimens that 

are not glued up. 
Conditions at the time the test pieces are glued together. 

No. 
Number of 
pieces. 

Moisture per cent when glued. 

Center. Sides. 

1-20 20 7 7 
21-40 20 7 10 
41-60 20 7 14 

61-80 20 7 18 

GROUP G. 

Average moisture content throughout the test pieces at the time of testing to be that 

produced by conditioning in the second conditioning room after conditioning in the workshop 

and the required period of time in the third conditioning room. Odd numbers indicate test 

specimens that are glued up; even numbers indicate test specimens that are not glued up. 

Conditions at the time the test pieces are glued together. 

Moisture per cent when glued. 

No. Number of 
pieces. 

Center. Sides. 

1-20 20 7 7 
21-40 20 7 10 
41-60 20 7 14 
61-80 20 7 18 

GROUP H. 

Average moisture content throughout the test pieces at the time of testing to be that 

produced by conditioning in the first conditioning room after conditioning in the workshop 

and the required period of time in the third and second conditioning rooms. Odd numbers 

indicate test specimens that are glued up; even numbers indicate test specimens that are 
not glued up. 

Conditions at the time the test pieces are glued together. 

No. Number of 
pieces. 

Moisture per ce 

Center. 

nt when glued. 

1 ides. 

1-20 20 7 7 
21-40 20 7 10 
41-60 20 7 14 
61-80 20 7 18 
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GROUP J. 

Average moisture content throughout the test pieces at the time of testing to be that 

produced by conditioning in the glue room. Odd numbers indicate test specimens that are 
glued up; even numbers indicate test specimens that are not glued up. 

Conditions at the time the test pieces are glued together. 

No. Number of 
pieces. 

Moisture per ce 

Center. 

nt when glued. 

Sides. 

1-20 20 10 7 
21^0 20 10 10 
41-60 20 10 14 
61-80 20 10 18 

GROUP K. 

Average moisture content throughout the test pieces at the time of testing to be that 

produced by conditioning in the workshop. Odd numbers indicate test specimens that are 
glued up; even numbers indicate test specimens that are not glued up. 

Conditions at the time the test pieces are glued together. 

No. Number of 
pieces. 

Moisture per ce 

Center. 

nt when glued. 

Sides. 

1-20 20 10 7 
21-40 20 10 10 
41-60 20 10 14 
61-80 20 10 18 

GROUP L. 

Average moisture content throughout the test pieces at the time of testing to be that 

produced by conditioning in first conditioning room after conditioning in the workshop. Odd 

numbers indicate test specimens that are glued up; even numbers indicate test specimens 
that are not glued up. 

Conditions at the time the test pieces are glued together. 

No. Number of 
pieces. 

Moisture per ce 

Center. 

nt when glued. 

Sides. 

1-20 20 10 7 
21-40 20 10 10 
41-60 20 10 14 
61-80 20 10 18 

GROUP M. 

Average moisture content throughout the test pieces at the time of testing to be that 

produced by conditioning in second conditioning room after conditioning in the workshop and 

the required period of time in the first conditioning room. Odd numbers indicate test speci¬ 

mens that are glued up; even numbers indicate test specimens that are not glued up. 
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Conditions at the time the test pieces are glued together. 

No. 
Number of 

pieces. 

Moisture per cent when glued. 

Center. Sides. 

1-20 20 10 7 
21-40 20 10 10 
41-60 20 10 14 
61-80 20 10 18 

GROUP N. 

Average moisture content throughout the test pieces at the time of testing to be that pro¬ 

duced by conditioning in third conditioning room after conditioning in the workshop and the 

required periods of time in the first and second conditioning rooms. Odd numbers indicate test 

specimens that are glued up; even numbers indicate test specimens that are not glued up. 

Conditions at the time the test pieces are glued together. 

No. Number of 
pieces. 

Moisture per cent when glued. 

Center. fides. 

1-20 20 10 7 
21-40 20 10 10 
41-60 20 10 14 
61-80 20 10 18 

GROUP P. 

Average moisture content throughout the test pieces at the time of testing to be that pro¬ 

duced by final conditioning in the third conditioning room after conditioning in the workshop. 

Odd numbers indicate test specimens that are glued up; even numbers indicate test specimens 
that are not glued up. 

Conditions at the time the test pieces are glued together. 

No. Number of 
pieces. 

Moisture per ee 

Center. 

nt when glued. 

Sides. 

1-20 20 10 7 
21-40 20 10 10 
41-60 20 10 14 
61-80 20 10 18 

GROUP R. 

A\ erage moisture content throughout the test pieces at the time of testing to be that pro¬ 

duced by final conditioning in the second conditioning room after conditioning in the workshop 

and the required period of time in the third conditioning room. Odd numbers indicate test 

specimens that are glued up; even numbers indicate test specimens that are not glued up. 

Conditions at the time the test pieces are glued together. 

No. Number of 
pieces. 

Moisture per ce 

Center. 

nt when glued. 

Sides. 

1-20 20 10 7 
21-40 20 10 10 
41-60 20 10 14 
61-80 20 10 18 
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GROUP S. 

377 

Average moisture content throughout the test pieces at the time of testing to be that 
produced by final conditioning in the first conditioning room after conditioning in the workshop 
and the required period of time in the third and second conditioning rooms. Odd numbers 
indicate test specimens that are glued up; even numbers indicate test specimens that are not 
glued up. 

Conditions at the time the test pieces are glued together. 

No. Number of 
pieces. 

Moisture per cent when glued. 

Center. fides. 

1-20 20 10 7 
21-40 20 10 10 
41-60 20 10 14 
61-80 20 10 18 

GROUP T. 

Average moisture content throughout the test pieces at the time of testing to be that 
produced by conditioning in the glue room. Odd numbers indicate test specimens that are glued 
up: even numbers indicate test specimens that are not glued up. 

Conditions at the time the test pieces are glued together. 

Moisture per cent when glued. 

No. Number of 
pieces. 

Center. Sides. 

1-20 20 14 7 
21-40 20 14 10 
41-60 20 14 14 
61-80 20 14 18 

GROUP U. 

Average moisture content throughout the test pieces at the time of testing to be that pro¬ 
duced by final conditioning in the workshop. Odd numbers indicate test specimens that are 
glued up; even numbers indicate test specimens that are not glued up. 

Conditions at the time the test pieces are glued together. 

Moisture per cent when glued. 

No. Number of 
pieces. 

Center. Fides. 

1-20 20 14 7 
21-40 20 14 10 
41-60 20 14 14 
61-80 20 14 18 

GROUP W. 

Average moisture content throughout the test pieces at the time of testing to be that 
produced by final conditioning in the first conditioning room after conditioning in the workshop. 
Odd numbers indicate test specimens that are glued up; even numbers indicate test specimens 
that are not glued up. 
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Conditions at the time the test pieces are glued together. 

No. Number of 
pieces. 

Moisture per cc 

Center. 

nt When glued. 

Sides.f 

1-20 20 14 7 
21-40 20 14 10 
41-60 20 14 14 
61-80 20 14 18 

GROUP X. 

Average moisture throughout the test pieces at the time of testing to be that produced 
by final conditioning in the second conditioning room after conditioning in the workshop and 
the required period of time in the first conditioning room. Odd numbers indicate test specimens 
that are glued up; even numbers indicate test specimens that are not glued up. 

Conditions at the time the test pieces are glued together. 

Moisture per cent when glued. 

No. Number of 
pieces. 

Center. Sides. 

1-20 20 14 7 
21-40 20 14 10 
41-60 20 14 14 
61-80 20 14 18 

GROUP Y. 

Average moisture content throughout the test pieces at the time of testing to be that pro¬ 
duced by final conditioning in the third conditioning room after conditioning in the workshop 
and the required period of time in the first and second conditioning rooms. Odd numbers 
indicate test specimens that are glued up; even numbers indicate test specimens that are not 
glued up. 

Conditions at the time the test pieces are glued together. 

No. Number of 
pieces. 

Moisture per ee 

Center. 

nt when glued. 

Sides. 

1-20 20 14 7 
21-40 20 14 10 
41-60 20 14 14 
61-80 20 14 18 

GROUP Z. 

Average moisture content throughout the test pieces at the time of testing to be that pro¬ 
duced by final conditioning in third conditioning room after conditioning in the workshop. 
Odd numbers indicate test specimens that are glued up; even numbers indicate test specimens 
that are not glued up. 

Conditions at the time the test pieces are glued together. 

No. ■ " '' * 
Number of 

pieces. 

Moisture per ce 

Center. 

nt when glued. 

Sides. 

1-20 20 14 7 
21-40 20 14 10 
41-60 20 14 14 
61-80 20 14 18 
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GROUP AA. 

Average moisture content throughout the test pieces at the time of testing to be that 
produced by final conditioning in second conditioning room after conditioning in the workshop 
and the required period of time in the third conditioning room. Odd numbers indicate test 
specimens that are glued up; even numbers indicate test specimens that are not glued up. 

Conditions at the time the test pieces are glued together. 

No. Number of 
pieces. 

Moisture per ct 

Center. 

nt when glued. 

Tides. 

1-20 20 14 7 
21-40 20 14 10 
41-60 20 14 14 
61-80 20 14 18 

GROUP BB. 

Average moisture content throughout the test pieces at the time of testing to be that pro¬ 
duced by final conditioning in first conditioning room after conditioning in the workshop and the 
required periods of time in the third and second conditioning rooms. Odd numbers indicate 
test specimens that are glued up; even numbers indicate test specimens that are not glued up. 

Conditions at the time the test pieces are glued together. 

No. Number of 
pieces. 

Moisture per ct 

Center. 

>nt when glued. 

Sides. 

1-20 20 14 7 
21-40 20 14 10 
41-60 20 14 14 
61-80 20 14 18 

GROUP CC. 

Average moisture content throughout the test pieces at the time of testing to be that pro¬ 
duced by final conditioning in the glue room. Odd numbers indicate test specimens that are 
glued up; even numbers indicate test specimens that are not glued up. 

Conditions at the time the test pieces are glued together. 

No. Number of 
pieces. 

Moisture per cent when glued. 

Center. j Tides. 

1-20 20 18 7 
21-40 20 18 10 
41-60 20 18 14 
61-80 20 18 18 

GROUP DD. 

Average moisture content throughout the test pieces at the time of testing to be that pro¬ 
duced by final conditioning in the workshop. Odd numbers indicate test specimens that are 
glued up; even numbers indicate test specimens that are not glued up. 
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Conditions at the time the test pieces are glued together. 

No Number of 
pieces 

Moisture per ce 

Center. 

nt when glued. 

Sides. 

1-20 20 18 7 
21-40 20 18 10 
41-60 20 18 14 
61-80 20 18 18 

GROUP EE. 
X 

Average moisture content throughout the test pieces at the time of testing to be that pro¬ 
duced by final conditioning in the first conditioning room after conditioning in the workshop 
Odd numbers indicate test specimens that are glued up; even numbers indicate test specimens 
that are not glued up. 

Conditions at the time the test pieces are glued together. 

No. Number of 
pieces. 

Moisture per C( 

Center. 

;nt when glued. 

Sides. 

1-20 20 18 7 
21-40 20 18 10 
41-60 20 18 14 
61-80 20 18 18 

GROUP FF. 

Average moisture content throughout the test pieces at the time of testing to be that pro¬ 
duced by final conditioning in the second conditioning room after conditioning in the workshop 
and the required period of time in the first conditioning room. Odd numbers indicate test 
specimens that are glued up; even numbers indicate test specimens that are not glued up. 

Conditions at the lime the test pieces are glued together. 

No. Number of 
pieces. 

Moisture per ce 

Center. 

nt when glued. 

Sides 

1-20 20 18 7 
21-40 20 18 10 
41-60 20 18 14 
61-80 20 18 18 

GROUP GG. 

Average moisture content throughout the test pieces at the time of testing to be that pro- 
ucecl by final conditioning m the third conditioning room after conditioning in the workshop 

anc e l equirec pei lod of time in the first and second conditioning rooms. Odd numbers indicate 
specimens t at die glued up; even numbers indicate test specimens that are not glued up. 

Conditions at the time the test pieces are glued together. 

No. Number of 
pieces. 

Moisture per ce 

Center. 

.nt when glued. 

Sides. 

1-20 20 18 7 
21-40 20 18 10 
41-60 20 18 14 
61-80 20 18 18 
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GROUP HH. 

Average moisture content throughout the test pieces at the time of testing to be that pro¬ 
duced by final conditioning in third conditioning room after conditioning in the workshop. 
Odd numbers indicate test specimens that are glued up; even numbers indicate test specimens 
that are not glued up. 

Conditions at the time the test pieces are glued together. 

No. Number of 
pieces. 

Moisture per ce 

Center. 

nt when glued. 

Sides. 

1-20 . 20 18 7 
21—10 20 18 10 
41-60 20 18 14 
61-80 20 18 18 

GROUP KK. 

Average moisture content throughout the test pieces at the time of testing to be that pro¬ 
duced by final conditioning in second conditioning room after conditioning in the workshop 
and the required period of time in third conditioning room. Odd numbers indicate test speci¬ 
mens that are glued up; even numbers indicate test specimens that are not glued up. 

Conditions at the time the test pieces are glued together. 

No. Number of 
pieces. 

Moisture per ce 

Center. 

nt when glued. 

Sides. 

1-20 20 18 7 
21-40 20 18 10 
41-60 20 18 14 
61-80 20 18 18 

GROUP MM. 

Average moisture content throughout the test pieces at the time of testing to be that pro¬ 
duced by final conditioning in first conditioning room after conditioning in the workshop and 
the required periods of time in the third and second conditioning rooms. Odd numbers indicate 
test specimens that are glued up; even numbers indicate test specimens that are not glued up. 

Conditions at the time the test pieces are glued together. 

Moisture per cent when glued. 

No. Number of 
pieces. 

Center. Sides. 

1-20 20 18 7 
21-40 20 18 10 
41-60 20 18 14 
61-80 20 18 18 



382 REPOST NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS. 

APPENDIX B.—SAMPLES OF RECORD FORMS. 

SERIES 1.-MATCHING PLAIN AND QUARTER SAWED. 

Specimens are to be conditioned or brought to constant weight in each of the various 
rooms in the order given below, then taken out and tested, e. g., Group E will be conditioned 
in the glue room, workshop, first, second, and third conditioning rooms and then tested. 

Group. 
Glue room.... 
Workshop.  p' 
First conditioning room.<...q' 

Second conditioning room.."... .D. 
Third conditioning room.  g' 
Glue room. 
Workshop. 
Third conditioning room.g 
Second conditioning room.     q' 

First conditioning room...j.. _ H 

SERIES 2. DENSITY DIFFERENCE. 

Specimens are to be conditioned or brought to constant weight in each of the various 
rooms in the order given below until they reach constant weight in the room opposite which 
their numbers appear. They will then be tested. 

Groups A, B, C, D. Groups J, K, L, M. Groups S, T, U, V. Specimen 
numbers. 

Glue room. 1- 20 
21- 40 
41- 60 
61- 80 
81-100 

Workshop. 
First conditioning 
Second conditioni 
Third conditionin 

room. 
ng room. 
g room. 

Groups E, F, G, H.' Groups N, 0, P, R.2 Groups W, X, Y, Z.s Specimen 
numbers. 

Glue room. 
Workshop. 
Third conditionin, 
Second conditioni 
First conditioning 

y room. 1-20 
21-40 
41-60 

ng room. 
room. 

1 Comparatively high density. 2 Comparatively low density. 3 Mixed density. 

SERIES 3. - VARIATION IN MOISTURE CONTENT. 

Specimens are to be conditioned or brought to constant weight in each of the various 
rooms in the order given below, then taken out and tested, e. g., Groups E, N, Y, and GG will 
be conditioned in the glue room, workshop, first, second, and third conditioning rooms and 
then tested. 

Glue room. 
Workshop. 
First conditioning room... 
Second conditioning room. 
Third conditioning room.. 
Glue room. 
Workshop. 
Third conditioning room.. 
Second conditioning room. 
First conditioning room... 

Groups. 
..A. J, T, CC. 
B, K, U, DD. 
.C, L, W, EE. 
D, M, X, FF. 
.E, N, Y, GG. 

...F, P, Z, HH. 

.G, R, AA, KK. 
H, S, BB, MM. 
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REPORT No. 146. 

THE SIX-COMPONENT WIND BALANCE. 

By A. F. Zahm. 

INTRODUCTION. 

For the prosecution of wind-tunnel research and testing, it is useful to have an aerodynamic 
balance capable of rapid and accurate measurement, in three dimensions, of the air forces and 
moments on a model. By authorization of the Chief Constructor, United States Navy, there¬ 
fore, such a balance was devised and built in the Construction Department, Washington Navy 
Yard, and in June, 1920, was installed in the 8 by 8 foot tunnel. This report to the Chief Con¬ 
structor of the Navy, dated August 12, 1921, was submitted for publication to the National 
Advisory Committee for Aeronautics by the Bureau of Construction and Repair. For tem¬ 
porary reference in subsequent reports, the balance is briefly described in the following pages. 

DESIRABLE ELEMENTS. 

The instrument was to be planted on the floor of the observation room, just over the tunnel. 

From experience with the preceding Eiffel balance, it seemed well to support the wind model at 

or near its centroid, by means of a holder easily joining it to the bottom of a single vertical 

shank running from midstream up through a wind shield to the main part of the balance in the 

room above. By convenient mechanism at his desk, the observer should be able (1) to set the 

model quickly and accurately in roll, pitch, and yaw without stopping the wind; (2) to measure 

directly and independently the drag, side drag, and lift, also the rolling, pitching, and yawing 

movements; (3) to have at hand automatic or self-recording devices for indicating the magnitude 

of these six components, perhaps also have devices for slowly and continuously varying the inci¬ 

dence in roll, pitch, or yaw; (4) to permit regulated oscillations of the model in roll, pitch, and 

yaw for determining its damping coefficients. The holder, fastened to the model before enter¬ 

ing the tunnel, should be capable of prompt attachment to the shank inside the tunnel, without 

disturbing the natural flow about the model, and of prompt removal. 

GENERAL EXTERIOR DESCRIPTION OF THE BALANCE. 
I 

Figures 1 and 2 give a general outside view of the balance in working order; and figure 6 
is an assembly drawing. Above an all-metal desk, which serves as a base, are shown three 
individual weighing beams, X, Y, Z, for measuring drag, side drag, and lift; a weighing beam 
N for yaw; and a single weighing beam, L, M, for roll and pitch, which is set across stream for 
roll and along stream for pitch.1 The mechanism through which the air force actuates these 
beams, and the means for setting the model in roll, pitch, and yaw will be explained later in 
this account. The automatic means for continuously changing the incidence and for recording 
forces and moments, and the oscillation devices, will be described in a detailed report to be 
issued later. The chief dimensions may be inferred from the linear scales in the assembly 
view, Figure 6. 

For the present it may be remarked that the components X, Y, Z, L, M, N of the air 
wrench on the model are weighed directly and independently. All but one of the weighing 
beams are motor operated and practically identical in design. Though the yaw-beam motor 
was omitted for temporary convenience, it is an integral part of the design and is to be 

i When the model sets normally these six components, X, Y, Z, L, M, N, are square with the tunnel; when it yaws L and M turn with it, the 
others remaining fixed. 

53006—23-26 385 



Figure 1.—Wind balance .general outside view 
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installed presently. Except for one case, each weighing can be made without disturbing any 

of the others. The pitch motor, when accelerating, can disturb the yaw weighing, which it 

could not do if mounted with its axis horizontal, say, parallel to the pitch beam. Each motor 

is mounted with its shaft normal to the supporting knife-edge of the weighing beam, to avoid 
making the latter kick when the armature accelerates. 

The drag and side drag beams are supported on elastic, the others on plain knife-edges. 

The elastic kind would be preferable in all five cases to insure against sliding or creeping. 

They are always clean, and are virtually frictionless for the extremely small distortions—less 
than 0.01°—they sustain in practice. 

A description of one automatic weighing beam will serve for all. Consider, for example, 

the lift beam 7, Figure 6. Along a groove in its top extends an accurate lead screw which 

Fig. 2.—Wind balance, front view. 

propels a sliding weight, without backlash, and bears at its far end a micrometer disk, at its 

near end a worm wheel actuated by a small motor with double-wound field. This motor rides 

on the beam and drives the worm wheel by means of a worm on the armature shaft. The beam 

vibrates a thousandth of an inch each way at its tip, between tungsten electric stops so con¬ 

nected as to run the motor forward with upper contact, backward with lower, and not at all 

without contact. Usually a 110-volt direct current line wire feeds the motor, which is of 0.005 
horsepower. 

The gearing and graduations are decimal. Each rotation of the motor moves the screw 

through 0.01 of a turn, and advances the sliding weight 0.001 inch. The advance of the sliding 

weight through its possible range of 10 inches is indicated in inches and tenths by the scale on 

the beam; in hundredths and thousandths by the scale on the micrometer disk, which latter 

has 100 small divisions 0.1 inch apart. On all the force beams the graduations and sliding 
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weights are so dimensioned as to indicate air forces in pounds and decimals to one-thousandth; 

on the other beams air moments are indicated in pounds-inches and decimals to one-thousandth. 

Each weighing beam is provided with a scale pan, tare, counterweights, both sliding and threaded 

as shown, and an oil-damping cup with adjustable diaphragm. The mass of the sliding weight 

is optional; usually it moves 1 inch to weigh 1 pound or pound-inch. In these units, weighings 

up to 10 by increments of 0.001 are made automatically. 

In Figure 3 is shown a holder with two stream-line prongs for supporting a model from the 

lower tip of the shank coming down from the balance. The shank is incased in a stream-line 

wind shield made transparent at the bottom to disclose the lower pivot detailed in Figure 7. 

The overhead mechanism for adjusting the holder in roll, pitch, and yaw, and for transmitting 

Fig. 3.—Wind balance shank, and holder attached to modei. 

to the weighing beams the six components X, Y, Z, L, M, N of the air wrench on the model, 
will next be explained. 

TRANSLATION MECHANISM. 

Since the lift, drag, and side force are to be measured each directly and independently of the 

others, the rigid framework which carries the model-bearing shank must be capable of some 
slight translation parallel to each of these forces. 

Figure 4 delineates the chief external parts of this translation mechanism. A skeleton 

rectangulai pyramid of cast aluminum, with its base upward, is supported at its four outer 

corners by four elastic vertical posts which permit it to shift freely along and across stream; also 

to rotate in yaw unless restrained. Inside the long vertical core a of this “floating pyramid” is 

drfv en a steel extension pipe b, which might as well be a part of the same casting. The pyramid, 

t e large pipe, and a cast aluminum cross arm c firmly fixed to the lower end of the pipe form a 

single rigid body having, when unrestrained, three degrees of freedom in a level plane. The 

our supporting posts are thick drill rods nearly sawed off at their top and bottom to make them 
elastic along and across stream. 

Inside this floating pipe ’ is a coaxial “lift pipe” e, slightly longer and guided in vertical 

rans ation by four taut horizontal elastic rods at its bottom and four at its top. The four top 

e r°c * aro anchored to the outer corners of the pyramid, and run thence normally into the 
v <i so t le lift pipe, to which they cling by their heads like bicycle spokes. The four lower 
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guide rods join the extremities of the floating pipe cross arm c to the extremities of a like cross- 

arm d firmly fixed to the bottom of the lift pipe. All these elastic guide rods, which must have 

the same coefficient of expansion as the castings, are held taut and horizontal by suitable tension 

nuts, so as to guide the lift pipe without supporting it. 
To support the lift pipe a casting f, Figure 5, is fixed to its top with a lug on either side 

resting upon knife edges, shown on the inner end of the forked lift beam. The fulcrum for the 

lift beam is a forked casting g, which forms the top center of the pyramid. The lift pipe, which 

Fig. 4.—Wind balance translation mechanism. 

runs down to, but does not penetrate, the tunnel roof, supports in turn the firm model-bearing 

shank, through intermediate mechanism to be described presently under the caption “ Rotation 

mechanism.” 
The whole translation structure, just described, “floats” within the metal desk shown in 

Figures 2 and 6, and has its posts securely planted on laterally shiftable flat pedestals screwed to 

the bottoms of the four desk columns. These columns have each a leveling screw resting on a 

secure foundation bridge just above the tunnel ceiling. 
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MEASUREMENT OF LIFT, DRAG, AND SIDE DRAG. 

As already explained, the lift is measured with a simple weighing beam like a steelyard. 

The outer tip of the lift beam, when alternately knocking the electric stops, plays about one- 

thousandth of an inch above and below its mean position. Then the lift pipe, resting on its other 

end rises and falls about one nine-thousandth of an inch, carrying with it the mechanism sup¬ 

porting the shank and model. When in free balance the lift pipe vibrates up and down hundreds 

of times before coming to rest, though it must slightly flex at their two end necks all of the eight 

elastic guide rods. For all practical purposes the motion is perfectly frictionless. 

The drag is measured with a bell crank whose axle is supported on two elastic knife-edges 

set into the two cast pillow blocks shown at the right of figures 1 and 6. From this axle two 

fingers or cranks h, near its ends, run down through the desk top to two long pull rods tensioned 

Fig. 5.—Wind balance lift mechanism. 

parallel to the wind and anchored, 5 inches to either side of the lift pipe axis, to anchor lugs i, 

cast on top of the floating pyramid, as shown in figures 5 and 6. These rods prevent yawing of 

the pyramid, without restraining it across stream, and allow it to move along stream one five- 

thousandth of an inch when the tip of the drag beam kicks a thousandth. 

The side drag is measured, as shown in the rear of figure 1, with another bell-crank system 

identical with the drag one, except that it has but one vertical finger and one pull rod, this rod 

running horizontally across the wind direction to an anchor lug on the floating pyramid. 

In both drag mechanisms top-heaviness of the floating system is obviated by the elasticity of 

the four initially vertical supporting props, which overcomes the tendency of gravity to cause 

translation along and across stream when the props bend, however slightly. Furthermore the 

vertically moving counterweights could be ma.de to modulate any such tendency, if it existed. 

The accuracy of the force measurements is indicated under the caption,“Characteristic data.’ 



53006—23. (Face p. 390.) 

Fio. a.—Wind balance assembly. Approximately % full scale. 
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ROTATION MECHANISM. 

Inside of the lift pipe rotates close-fittingly the “ yaw pipe,” figure 6, which projects half a foot 

above it and well below, extending to within half a yard of the center of the tunnel. Inside of the 

yaw pipe, as shown in the same figure, rotates without friction the “ center pipe,” protruding a 

few inches above and below it. The bottom of the center pipe has a conical socket which holds, 

as a drill spindle holds a drill, the rugged forged-steel tapering shank, half a yard long, which 

supports the model in the air stream. The yaw pipe when rotated in its plain friction bearings, 

by means of the worm wheel actuated by the micrometer disk j, shown in figure 6, sets the center 

pipe and all it carries at any desired angle of yaw truly to 0.01°. The yaw pipe also stiffens the 

center pipe, supports it in frictionless bearings, and carries the beam for weighing the yaw 

torque exerted on it by the wind force on the model. 

The center pipe, when not rotationally restrained by its yaw lever, shown in figure 1, can 

oscillate many degrees within the yaw pipe, which latter in turn carries it along and across 

stream a small fraction of a thousandth of an inch, borne itself by the lift pipe and floating 

system. As shown in cross section, figure 6, four axial knife-edges pressing against four sepa¬ 

rate diametral facets of a ground-steel plug inside the center pipe near its bottom, and a like 

system near its top, prevent translation of the center pipe across the yaw pipe, which at each 

end supports the four radial bars whose edges constitute said knife-edges. Further, the center 

pipe is supported by a steel wire‘lc running axially from the lower to the upper plug, and firmly 

fixed at its own center in a bridge-bar set diametrally across the yaw pipe and through an 

ample slot in the center pipe. With reference to the yaw pipe, therefore, the center pipe can 

have no motion but axial rotation, and this without perceptible friction or elastic resistance. 

At the extreme top of the center pipe, figure 6, are knife-edge seats supporting the axle 

of the pitch beam. On this axle is an easy fitting worm wheel incased in a worm housing fixed 

to the axle and pitch beam. A narrow steel belt on the 1-inch diameter hub of this wheel 

runs, without perceptible contact or friction, down through large holes in the knife-seat plugs 

inside the center pipe, thence down through channels in the fore and aft edges of the shank, 

and passes over a 1-inch frictionless pulley having a down-reaching flange for supporting the 

streamline fork holding the wind model. The belt has a tooth at either pulley to prevent 

creeping and is thickened between the top and bottom pulleys sufficiently to prevent material 

stretching. This belt system can, with the wind on, be made to set the model to any desired 

pitch angle truly to 0.01°, while still remaining in ready condition to measure the pitching 
moment. 

The more detailed working of the pitch belt on its lower pulley can be seen in figure 7. 

Firmly set in the bottom tip of the balance shank is the top lobe of an “Emory knife-edge” 

whose bottom lobe can rotate flexingly about the elastic axis 2° or 3° in pitch, positive and 

negative. The lower lobe is embedded in a coaxial grooved disk Z which rotates w.ih it until 

limited by buffer pegs in the tip of the shank. Enveloping this disk and coaxial with it is the 

lower belt pulley just described, which has an easy peripheral fit, and can be slid round the disk 

to alter the pitch of the model holder supported from its down-reaching flange. 

Now suppose that initially the elastic knife-edge is in its unstrained position. When the 

belt moves, the pulley at first turns integrally with the disk and lowTer lobe, then slides about 

the disk after the latter bumps the stops. The pulley may continue, carrying the model through 

any desired pitch to ±90°, still sliding on the grooved disk which rests against the stops. A 

definite small reversal of the belt now brings the lobe of the knife-edge back to its unstrained 

position and allows frictionless vibration of the pulley-belt-and-pitch-beam system, if its tares 

are adjusted. As an alternative design, the buffer pegs can be made adjustable from the desk, 

so as to lock the Emory knife-edge during change of incidence, to prevent flexing, then release 
it for weighing. 

In practice the knife-edges and tempered belts are amply free of friction and hysteresis, 

and together hold the model securely against all components of translation and rotation. The 

belts are kept suitably taut by turning the knurled ring nut m of figure 6, thereby sliding the 
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top casting and its knife seats up or down the center pipe. In usual practice the stretch of the 

belt is negligible; in extreme loading the slight stretch is found by previous calibration. 

Various^other forms of axle for the lower pulley, such as plain journal, ball-bearing, plain 

knife-edge, etc., were included in the original design, but were held in reserve for special service 

should the need arise. Also, to prevent the lower disk lobes from straining under excessive 

yaw load, they can be locked to the shank tips with little key wedges temporarily inserted 

between them. 
MEASUREMENT OF MOMENTS. 

The yawing moment of the model is transmitted through the center pipe and its yaw lever, 

Figure 1, to the forked crank reaching up to it from the axle of the yaw weighing beam. Adjust¬ 

ing screws in the prongs of this crank fork fit the tip of the yaw lever truly to one-thousandth 

of an inch and transmit the moment to the yaw beam. The sliding of the weights by hand 

admits of true yaw measuring but disturbs the other weighings, a blemish that can be removed 

by using a motor. Otherwise the yaw mechanism is satisfactory. The resistance of the 50- 

pound yaw mechanism to rotational vibration was found to be so slight that with no wind the 

center pipe would oscillate nearly half an hour before coming to rest from a slight displacement. 

The pitching and rolling moments also can be truly measured when the lower belt pulley is 

well pivoted, and especially with the elastic knife-edge. The precision of these measurements 

is indicated under the caption “Characteristic data.” 

SMOOTHNESS OF AIR STREAM BELOW WIND SHIELD. 

The parts of the balance within the air current are protected from drag by an enveloping 

stream line sheet-metal wind shield, the bottom of which contracts to a smaller shield which, 

as seen in Figure 3, closely incases the tapering shank. These shields cause some deviation of 

the lines of flow immediately about them, which, however, is immaterial 2 inches below the 

finer shield. The model is therefore always held well below this smaller wind-shield disturbance, 

where the flow, determined with the shields in place, is found by exploration with the incidence 

meter and pitot to be sufficiently uniform. 

CORRECTION FOR MODEL HOLDER. 

Protruding down from the shielded shank is the bifurcated model holder whose two prongs 

are each about 1 millimeter thick and very well stream lined, especially where they enter the 

surface of the model. Allowance for the wind effect on this holder must be made. The wind 

effort is measured first on the model and holder, then on the holder alone with the model 

detached but not removed. The difference is the effort on the model alone, for the proximity 

of the prongs causes no material disturbance of the flow past the model. To show this, dummy 

prongs were held near the model during measurement and were found not to affect the reading 

as they approached or receded. Each prong near the model can be shaped to have less than 

one-fifth the resistance of a round wire 1 millimeter thick and of the same length. 

PROCEDURE OF MOUNTING AND MEASURING. 

Before the model enters the tunnel it is tested on the plane-table micrometer to determine 

the degree of its conformance to the structural specifications. Then the two-prong holder is 

attached, usually near the “design” centroid, or point representing the centroid of the full- 

cale structure, and commonly on the less cambered side of the model, such as the flat sides 

of an aerofoil or the bottom of an airplane body. When the wind test is to start, the dove¬ 

tailed flange of the holder is slipped on the pulley flange at the bottom of the wind-balance 

shank. A light spirit level applied to the wing chord, or other reference line, serves to set 

the model at zero incidence. The reading of the pitch circle at the top of the balance is then 

set to zero, and the counterweights are adjusted on all the weighing beams to be used. Unless 

a special counterpoise to the model itself be used for gravitational balance at all angles of pitch, 

static weighings with the pitch beam are made, with no wind, for some pitch positions of the 

model. These readings can be omitted if the gravity moment of the model about the sup¬ 

porting pivot has been previously determined for a known position of the centroid. The 
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wind is then set at the fixed speed desired, and note is made of the elastic distortion of the 

model, if perceptible, due to the wind load at various incidences. The apparatus is now ready 

for regular readings. 

More commonly but three of the six components of the wind wrench, viz, the lift, drag, and 

pitching moment, are to be measured. The weighings are all made at once automatically, and 

require each but a minute for a fixed poise and wind. Holding the wind steady, one can give 

the model a new incidence, by turning the worm of the pitch circle, and proceed with the weigh¬ 

ings as before. Or the poise of the model can be held while the air speed is given various fixed 

values. Finally the weighings are repeated with the model detached but not removed, as already 

explained. Thus, with the balance working normally, a complete set of weighings of lift, drag, 

and pitching moment, for one speed and sixteen angles of attack, can be made in less than half 

an hour. To accomplish as much with the old Eiffel balance required over eight hours, and 

gave data involving eight hours in the drafting 

room to deduce and plot the final values. 

CHARACTERISTIC DATA. 

The lower part of Figure 8 shows a typical 

set of uncorrected lift, drag, and pitching mo¬ 

ment values, obtained by direct measurement 

on an aerofoil at 40 miles an hour and at the 

usual angles of attack for a practical test. The 

upper part of the plate gives the lift and drag 

for the holder alone, with the model detached 

but still kept in the positions it had in the first 

part of the run. These measurements are de¬ 

ducted from the lower ones as holder correc¬ 

tions for lift and drag. The like aerodynamic 

corrections for pitching moment were found to 

be negligible. 

Referring to Figure 8, it is noteworthy that 

the moment readings are consistent to about 

0.01 pound-inch; the force readings to 0.001 

pound or less. The drag corrections are every¬ 

where less than 15 per cent of the drag, and are measured truly to 1 per cent, or less, of the drag. 

The lift corrections are less than 1 per cent of the lift at incidences above 6°, and are measured 

truly to about 0.001 pound, the lift itself exceeding 3 pounds. For angles below 6° the precision 

for lift can be inferred from the corresponding part of the diagram. During calibration with 

standard weights the balance reads true to one-thousandth of a pound and pound-inch. 

Measurements of the side drag, rolling moment, and yawing moment are not presented in 

this account. They can, however, be made with the same precision as those here illustrated. 

ALTERNATIVE DESIGNS. 

In addition to the present form of balance, various modifications or alternatives were 
sketched, or reduced to scale drawings. 

f or example, the “floating pyramid" was drawn with four supporting wires to be attached 

to the laboratory ceiling or to hollow standards erected upon the desk corners. The present 

more compact support allows free passage for an overhead traveling pulley. 

Again the yaw pipe originally was omitted, and the center pipe was drawn gimbaled to the 

bottom of the lift pipe, within the tunnel, and free to rock slightly in roll and pitch, thus allow¬ 

ing the model six degrees of freedom. Six weighing beams were provided to measure simul¬ 

taneously and independently the six components of the wind wrench. The yawing torque 

then was to be measured with a bell crank weighing beam riding on the pyramid and taking the 

tension of one of the drag rods, but graduated to read yawing moments directly. 
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The present instrument is adaptable to oscillation tests; and also may be provided with the 

more usual spindle for bolding aerofoils by the end, as in the cross arm balance described in 

Report No. 138; or again may be used as a wire balance by an obvious modification of the lower 
portion of the concentric pipes. 

Numerous means were devised for reading or recording the forces and moments. For exam¬ 

ple, revolution counters, one on.each small motor, would indicate the weighings as effectively and 

accurately as do the graduated beams and disks. The movements of synchronous motors on a 

chronograph could be made to record all the individual weighings on a scale of any desired 

magnitude. Also the movements of the present disks and sliding weights can be recorded by 

well-known means. A description of these and numerous other details can better be given in a 
subsequent report. 

HISTORY. 

On May 18, 1917, two days after receipt of the Chief Constructor’s request to develop a three- 
dimensional balance, the essential elements of the present instrument were formulated by the 

writer. These included a floating frame with three degrees of freedom, carrying a “lift pipe” 

inside which w as pivoted a rocking pipe, free to pitch and roll slightly, inside wdiich was a 

spindle adapted to hold the model and set it in roll, pitch, and yaw. This frame-and-two-pipe 

mechanism gave the spindle six degrees of freedom, and was provided with as many weighing 

means for the independent measurement of the six components of wrench of the air force on 

the model. The motor weighing device was sketched in form for a preliminary test of its 
practicability. 

These and various other schemes, roughed out at the time, were to the writer partly new 

and partly old. He had sketched the present desk feature with a four-wire frame some weeks 

previously, and a similar floating frame 15 years earlier. As the principle of motor weighing was 

old, there remained merely to prove by a preliminary experiment that forces ranging from 0.001 

to 10 or more pounds could be measured with satisfactory speed and precision with the proposed 

automatic mechanism. The present pitch mechanism, devised some time later, also seemed to 
require preliminary test before the general construction should be recommended. 

When, in April, 1918, my assistant, Mr. Louis Crook, became free to help with the pre¬ 

liminary tests, we mounted a small electric motor on a rough weighing beam and made it, by 

driving a weight to and fro, automatically establish and maintain equilibrium. After a few 

trials its operativeness was sufficient to indicate the practicability of a finished mechanism. To 

ascertain the feasibility of the pitch belt and pivots, we thought it more practical to make the 

finished parts at once, mount them on the Eiffel balance, and use them awhile. When this com¬ 

bination proved itself, the entire balance seemed practicable, and was developed as fast as Mr. 

Crook could find leisure, from his numerous other tasks, to make the working drawings. We 

computed together the more important dimensions to be sure of correct proportioning. 

The geneial and detail drawings being well advanced, the main shopwork was done in the 

latter part of 1919 and the fore part of 1920, and the assembly was made in the spring, both 

under Mr. Crook’s supervision. The final adjustments of the balance, the successful manipula¬ 

tion, and the proof of its capabilities for speed and accuracy were largely the work of Mr. R. H. 

Smith, the engineer in charge of the 8-foot wind-tunnel operations. He has shown that the 
instrument can save annually more than the cost of its construction. 

CONCLUSION. 

From the foregoing account it appears that the three-dimensional balance has the following 
properties: 

1; aU°ws the model to be set quickly and accurately in roll, pitch, and yaw, without 
stopping the wind. 

2. It can measure directly and independently the drag, side drag, and lift: also the rolling, 
pitching, and yawing moments. 

3. It weighs all six components automatically, and easily can be made self-recording. 

4. It can be adapted to oscillate the model in roll, pitch, and yaw, and to determine the 
damping coefficients. 
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REPORT No. 147. 

STANDARD ATMOSPHERE. 

By Willis Ray Gregg. 

SUMMARY. 

Upon the recommendation of the subcommittee on aerodynamics at its meeting of December 

17, 1921, the executive committee of the National Advisory Committee for Aeronautics adopted 

for performance testing Toussaint’s formula of temperature decrease with height for obtaining 

air density at different altitudes. 

The National Advisory Committee for Aeronautics further requested the United States 

Weather Bureau to prepare a technical report1 covering the actual observations on the varia¬ 

tion of temperature, pressure, and density of the atmosphere for summer, winter, and the year. 

It has been shown from observations over a long period that up to 10 or 12 kilometers 

the mean variation of temperature with altitude in the United States is expressed very closely 
by Toussaint’s formula 

t= 15 — 0.0065Z 

where t is the temperature in degrees centigrade and Z the altitude in meters. From 12 to 

20 kilometers the temperature is approximately constant at - 55° C. as shown by Table 1 (- 67° F. 

in English units, Table 4) in the following report which gives the mean observed values of pres¬ 

sure and temperature at various altitudes for the United States (latitude 40°) for summer, 

winter, and mean annual conditions. The values calculated from Toussaint’s formula are 

given in Table 3 (Table 5 in English units) and are in substantial agreement with the observed 

mean annual values of Tables 1 and 4. The subcommittee on aerodynamics, therefore, recom¬ 

mended lor the sake of uniform practice in different countries that Toussaint’s formula be 

adopted in determining the standard atmosphere up to 10 kilometers (33,000 feet) as given in 

Tables 3 and 5. For altitudes higher than 10 kilometers (33,000 feet), values of pressure and 

temperature should be taken from Table 1 or Table 4. In many cases where it is desired to 

use values which more closely approximate actual conditions than those obtained by Tous- 

saint s formula, the approximate values (summer or winter) should be taken from Table 1 or 
Table 4. 

INTRODUCTION. 

ith the advance of aeronautics and the science of artillery, engineers and other special¬ 

ists in these fields have come to require a specific knowledge of the varying states of the atmos¬ 

phere from the ground up to very great heights. This has led to the introduction of a conven¬ 

tional term commonly known as the “standard atmosphere,” which pretends to specify the 

normal or average condition. As is well known, the “standard atmosphere” is never found; 

that is to say, at no time or place do “standard” or average conditions of all of the meteoro¬ 

logical elements at all altitudes simultaneously occur. Nevertheless it is proper, and in certain 

fields (especially those of aviation and ordnance) it is necessary, to adopt so-called “standard” 

values, and it is desirable to have these represent as closely as possible true mean values in 

This; report- is in part based upon a paper entitled “An Aerological Survey of the United States,” published by the Weather Bureau, in which 
I?” 6 a lscussi°n> with tables and figures, of the free-air conditions of pressure, temperature, humidity, density, and wind in this country, 
as determined from a large number of observations by means of kites and balloons. 
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order that corrections due to departures from these means may be comparatively small in most 
cases. Hence, the adoption of an “isothermal atmosphere,” proposed by some investigators, 
although a desirable simplification in some respects, is inadvisable because of the large cor¬ 
rections that would have to be applied at practically all altitudes. Although a knowledge of 
temperature may not be vital in aerodynamic tests, it certainly is important when the thermo- 
dynamic or power production phase is considered. Moreover, in the design, construction and 
use of altimeters a knowledge of the altitude-pressure relation is essential, and this relation 
varies decidedly with temperature. What is needed, then, in defining the “standard atmos¬ 
phere,” is a series of values of pressure, temperature, and density, at different altitudes, these 
values to represent as closely as possible actual average conditions. If tables or curves were 
prepared for different places and seasons, the corrections for variations from standard or aver¬ 
age values would in each case be comparatively small and easily applied. Such a procedure 
would, however, complicate the matter, since it would necessitate the use of a large number of 
tables and would make impossible the comparison of tests at different places. It seems desirable, 
therefore, to select data for some place or places so located that the results shall be as nearly 
as possible representative of conditions in the entire region in which they will be used. So 
far as the United States is concerned, we now have data well suited for this purpose; and tables 
and curves, based upon these data and giving standard conditions, have been prepared and are 
discussed in the following paragraphs. 

DATA USED IN THIS INVESTIGATION. 

Free flight investigations are conducted at the present time almost wholly at McCook 
Field (Dayton), Ohio; Washington, D. C.; and Langley Field (Hampton), Va. The principal 
artillery testing stations or proving grounds are at Aberdeen, Md., and Dahlgren, Va. All of 
these places are located near (less than 3° from) latitude 40° N. It happens that of the eight 
stations at which observations of free-air pressure, temperature, etc., have been made by means 
of kites, three are situated near this same latitude, viz, Drexel (near Omaha), Nebr., latitude 
41° 20'; Mount Weather, Va., latitude 39° 04'; and Royal Center, Ind., latitude 40° 53'. It 
has therefore seemed proper to use the data from these stations as a basis for establishing a 
standard atmosphere which shall best fit practical needs, so far as the United States is concerned. 
Accordingly, mean summer, winter, and annual temperatures for different levels up to and 
including 5 kilometers have been computed from those data.2 These mean values may be 
accepted as representing very closely actual average temperature conditions at latitude 40°, 
since the values at the three stations agree well among themselves and are, moreover, based 
upon a large number of daily observations covering periods of from three to five years. It 
should be borne in mind that as the distance from latitude 40° increases, the variation from these 
mean values likewise increases. The variation is greatest in winter, when it amounts to about 
1° C. per degree of latitude at the surface, diminishing slightly at higher levels. 

For levels above 5 kilometers it has been possible to use the results of sounding balloon 
observations at Fort Omaha, Nebr., latitude 41° 19', and St. Louis, Mo., latitude 38° 38'. 
Here again the results may be considered as representative of conditions at latitude 40°. 
Unfortunately, the number of observations upon which the means are based is small, but it 
should be remembered that smaller variations occur in the temperature gradients at great 
heights than at lower levels and that therefore a smaller number of observations suffices to 
give very satisfactory information at those levels. The observations used are those made at 
Fort Omaha, February 8 to March 4, 1911 ;3 July 9 to 22, 1914;4 and at St. Louis in 1904 to 1907.5 6 

2 For Mount Weather the data have been published in: “ Mean values of free-air barometric and vapor pressures, temperatures, and densities over 
the United States,” by W. R. Gregg. Monthly Weather Review, January, 1918, pp. 11-20. For Drexel and Royal Center see footnote 1, p. 1 oi 
this report. 

3 Blair, ffm. R.: Sounding balloon ascensions at Indianapolis, Fort Omaha and Huron. Bulletin of the Mount Weather Observatory, vol. 4 
pt. 4, pp. 183-304. 1912. 

1 Blair, Wm. R.: Free-air data by means of sounding balloons, Fort Omaha, Nebr., July, 1914. Monthly Weather Review, May, 1916, pp. 
247-264. 

6 Clayton, H. H., and Fergusson, S. P.: Exploration of the air with ballons-sondes, at St. Louis. Annals of the Astronomical Observatory at 
Harvard College, Vol. LXVII, pt. I. 1909. 
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Their number and distribution are as follows: 

- 
Altitude (meters). 

5,000 10,000 15,000 20,000 

Summer: 
Fort Omaha. 17 17 14 9 
St. Louis. 6 5 1 0 

Winter: 
Fort Omaha. 21 21 17 7 
St. Louis. 6 2 1 0 

From this table it is seen that most of the observations were obtained at Fort Omaha; 

those for the summer were made in the hottest month of that season and those for the winter 

in the latter part of that season. Hence, in each case the values are somewhat higher than 

true seasonal means. Thus at 5 kilometers the summer values are 3.5° C. higher than those 

determined from observations with kites, and in winter they are 1.5° C. higher. These differ¬ 

ences have been adjusted by applying to the means at 5 kilometers obtained from kite observa¬ 

tions the gradients computed from the sounding balloon records. This procedure has been 

followed in determining the mean temperatures at all altitudes up to the base of the stratosphere. 

At higher levels, up to about 20 kilometers, the mean values in both seasons are practically 

constant at — 55° C. There may be a seasonal difference, but the records do not show it, and 

in any event the value of — 55° C. can hardly be in error more than 2.5° C., except at 19 and 20 

kilometers in summer when there is a tendency to increasing temperatures. For the present 

purposes it has been deemed sufficient to use the constant value, — 55° C., from the base of the 

stratosphere up to 20 kilometers, the highest level considered.6 

RESULTS. 

Final results are shown in Figure 1 and in Table 1, values in the latter being expressed to 

the nearest half degree centigrade. The yearly values are the means of the two seasons, since 

it was found that the means for all four seasons are almost exactly the same as these. 

Vapor pressure means have been determined in the same way as have the temperatures, 

but the computation has not been carried to heights where the values are less than half a millibar. 

The results are shown in Figure 2 and in Table 1, values in the latter being expressed in millibars 

and millimeters, to the nearest half in each case. 

Barometric pressures for each level have been computed by means of the hypsometric 

equation, the mean temperatures of the air column for each successive altitude interval being 

determined from the values given in Table i. Corrections have been made for humidity and 

for the variation of gravity with altitude and latitude. The results up to 5 kilometers agree 

closely, within 1 millibar, with the means of the actually observed values themselves. For 

higher levels this comparison is impossible, since the temperatures used, as already explained, 

are not those actually observed. The computed values of pressure for summer and winter are 

shown in Figure 3; the annual curve has not been drawn, but would lie midway between the 

other two. Values for the two seasons and for the year also are given in Table 1 and are 

expressed in both millibars and millimeters, to the nearest half in each case. 

With the data discussed in the preceding paragraphs and presented in Table 1, it has been 

possible to determine corresponding air densities for each level. The values in the first column 

under “Density,” Table 1, have been computed from the formula 

, b— 0.378e 
P =-y- 

in which 
p' = density expressed in percentage of standard density, 

b and e = barometric and vapor pressures respectively, in millibars, 

T= temperature, in °A, 
and K= a constant, depending upon the conditions of pressure and temperature 

that are accepted as standard, in this case 1013.3 millibars, and 0° C., 

or K= 0.26942. 

9 It should not be inferred from this statement that a constant temperature of about - 55° C. will be found at heights above 20 kilometers. On the 
other hand, the few observations thus far made, mostly in summer, show increasing temperatures with height, reaching values between —35° C. 
and —40° C. at 25 to 30 kilometers. 

53000—23-27 



402 REPORT NATIONAL, ADVISORY COMMITTEE FOR AERONAUTICS. 

Vapor pressure, mb. 

Temperature, °6 
64 

£ 
£ 
<b 
s 

* 
ll 

1 
3^ 

.1 1 1 “T 
_ 

— 

— 

_ 

r-A d/c ib a tic 

l\\ 

— 

— 

\5 ~urr 
UA-— 

7/77 sr 

An> nuc 7/- \^ — 

-1-1 

Winter 

— 

i 

65 

50 
-K 
U 

4S*L 
V 

l 

35 § 
<o 

30 S 
£ 

25 '' 
* 

20% 
*k 

!5 

!0 

O 

Temperature, °C 
O .6 

Fig. 1. Mean free-air temperatures at about latitude 
40° N. in the United States. 
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The values in the second column have been obtained by multiplying those in the first by 

1.293 kilograms per cubic meter, the density at 1013.3 millibars and 0° C., or p = p 'X 1.293. 

These values for the summer and winter are shown in Figure 4; the annual curve, if drawn, 

would lie very nearly midway between the other two. 

In order to facilitate comparison with densities that have been computed for other parts 

of the world Table 2 has been prepared. So far as known to the writer, these are all that have 

been published thus far. In most cases only annual values have been given. These are pre¬ 

sented in Table 2 in such a way that the latitudinal variation may be seen.at a glance. A 

striking feature is the essential agreement in the density at about 8 kilometers, both in summer 
and winter and at all latitudes.7 

COMPARISON WITH VALUES COMPUTED FROM TOUSSAINT’S FORMULA. 

Table 2 also contains, in the last column, the values computed from Toussaint’s formula. 

This formula has been discussed in a previous paper. (See footnote 4 in the table.) Briefly, 

Toussaint, using as a basis the available free^air data for Europe, has proposed the adoption, 

by all countries, of a “law” of linear decrease of temperature with altitude, starting at a tem¬ 

perature of 15° C. at sea level and attaining -50° C. at an altitude of 10,000 meters. This 
“law” is expressed by the formula 

t= 15 — 0.0065Z, 
in which 

t = temperature in °C., 

and Z = altitude in meters. 

Using the temperatures at various levels, as deduced from this formula, and assuming that 

the atmosphere is dry, and that gravity remains constant, the author has computed values of 

pressure and density for different heights up to 10 kilometers. The results are presented in 

Table 3, in which are repeated the density values given in the last column of Table 2. 
Concerning these figures, Toussaint says: 

It has been found preferable to take a linear law of temperature decrease rather than to seek an equation approxi¬ 
mate to Frofessor Gamba’s curve, for the following reason: 

In order to define the standard atmosphere, what is needed is not an exact representation of that curve, but merely 

a law that can be conveniently applied and which is sufficiently in concordance with the means adhered to. By this 

method, corrections due to temperature will be as small as possible in calculations of airplane performances, and will 
be easy to calculate. The proposed law seems likely to realize such conditions. 

The deviation is of some slight importance only at altitudes below 1,000 meters, which altitudes are of little interest 
in aerial navigation. The simplicity of the formula largely compensates this inconvenience. 

It must be remarked, however, that since the isothermal layers seem to commence, in European regions, at an 
altitude of about 11,000 meters, it would be dangerous to extrapolate above that altitude. 

When it becomes an ordinary occurrence for airplanes to attain that altitude, it will be necessary to modify the 
law, but it suffices for the machines now in use. 

Although the adopted rate of temperature decrease is arbitrary, the resulting values of 

density agree very well with those actually computed from European mean temperatures and 

pressures. Reference to Table 2 will show that the agreement with densities at latitude 40° 

in the United States is equally good. In fact, nowhere except at sea level does the difference 

equal 1 per cent, and at that level it is only 1.2 per cent. At 10 kilometers, the highest altitude 

for which Toussaint has computed a value, the difference is considerably less than 0.5 per cent. 

In view of the close agreement above indicated and the desirability of having uniform 

practice in different countries it seems appropriate to recommend the adoption of Toussaint’s 

values, providing one set is deemed sufficient for use throughout the year. France and Italy offi¬ 

cially accepted them in 1920 and England has done so more recently.8 It is to be noted, how¬ 

ever, that Toussaint has not carried his computations above 10 kilometers. At the present 

time there is perhaps little need for values at higher levels, so far as aviation is concerned, but 

7 For an explanation of this, see “Level of constant 
8 Aeronautics. Report of the (British) Aeronautical 

air density,” by W. J. Humphreys, Monthly Weather Review, May, 1921, pp. 280-281. 
Research Committee for the year 1920-21, p. 38. 
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there will almost certainly be such a need in the future. Moreover, even now the artillerist 

needs them. Toussaint’s “law” of temperature decrease will not apply even approximately at 

altitudes above 11 or 12 kilometers, as clearly shown in Tables 1 and 4 and in Figure 1. It seems 

wise, therefore, to adopt for levels above 10 kilometers the values given in Table 2 for the 

United States, or else composite values, based upon the means for this country and for Europe. 

In either case there would be no appreciable discontinuity at 10 kilometers, since the means in 

both countries at that altitude are in substantial agreement with those given by Toussaint. 

In the event that annual means are not considered sufficient for practical use it is recom¬ 

mended that the values in Table 1 for summer, winter, and the year be adopted by the United 

States. Additional observations in the future will hardly change these values to such an extent 

as to require any revision. The summer means would apply to June, July, and August; those 

for winter to December, January, and February; and the annual means to March, April, May, 

September, October, and November. 

RESULTS EXPRESSED IN ENGLISH UNITS. 

For the convenience of those who prefer English units, Tables 4 and 5 have been prepared. 

Table 4 corresponds to Table 1 and Table 5 gives English equivalents of the values computed 

from Toussaint’s formula (Table 3). Altitudes are expressed in feet, pressures in inches, tem¬ 

peratures in degrees Fahrenheit, and densities in percentages of standard (dry air at 29.92 

inches pressure, 32° F. and latitude 45°, =0.08071 pound per cubic foot), and in pounds per 

cubic foot. 
LATITUDINAL VARIATION IN FREE-AIR DENSITY. 

As a matter of general interest only, Table 6 has been copied from Linke’s discussion of 

densities in all parts of the world. The means given have in large part been estimated by extra¬ 

polation and interpolation, based upon all available data. Here again is strikingly shown the 

substantial agreement at about 8 kilometers. 
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Taiile I. — Meanfree-air barometric and vapor pressures, temperatures and densities at about latitude 400 in the United States. 

Altitude, 
mean 

sea 
level. 

Pressure. 

* 

Temperature. Vapor pressure. 

Density. 

Per cent 
standard 

Kilogram? 
per cubic 
meter. 

SUMMER. 

m. mb. mm. 0 c. °A. mb. mm. 
0 1,014.0 760. 5 25.0 298.0 22.0 16.5 90.9 1.175 

500 957.5 718.0 22.0 295.0 17.5 13.0 86.8 1.123 
1,000 904.0 678.0 19.0 292.0 11.0 10.5 82.9 1.072 
1,500 852.5 639.5 16.0 289.0 11.0 8.5 79.1 1.023 
2,000 803.5 602.5 13.0 286.0 8.5 6.5 75.4 0.975 
2,500 757.0 568.0 10.0 283. 0 6.5 5.0 71.8 .929 
3,000 713.0 535.0 7.0 280.0 5.0 4.0 68.4 .885 
4,000 630.5 473.0 0.5 273.5 3.5 2.5 62.0 .801 
5,000 556.0 417.0 -5.5 267.5 2.0 1.5 55.9 .723 
6,000 488.5 366.5 -12.5 260. 5 1.0 1.0 50.5 .653 
7,000 428.0 321.0 -19.5 253.5 0.5 0.5 45.4 .587 
8,000 373.5 280.0 -26.0 247.0 40.7 .527 
0,000 324.5 243.5 -32.5 240. 36.4 . 470 

10,000 281.0 211,0 -39.0 234.3 32.4 .418 
11,000 242.5 182.0 -45.5 227.5 28.7 .371 
12,000 208. 5 156. 5 -52.0 221.0 25.4 .329 
13,000 178.5 134.0 -55.0 218.0 22.1 . 285 
14,000 152.5 114.5 -55. 0 218.0 18. 8 . 244 
15,000 130.5 98.0 -55.0 218.0 16.1 .209 
16,000 111.5 83.5 -55. 0 218.0 13.8 . 178 
17,000 95.5 71.5 -55.0 218.0 11. S . 153 
18,000 81.5 61.0 —55.0 218.0 10.1 . 130 
19,000 69.5 52.0 -55.0 218.0 8.6 . Ill 
20,000 59.5 44.5 -55.0 218.0 7.4 .095 

WINTER. 

0 1,020. 0 765.0 -2.0 271.0 4.5 3.5 101.2 1.309 
500 957.5 718.0 -3.0 270.0 3.5 2.5 95.4 1.234 

1,000 899.0 674.5 -3.0 270.0 3.0 2.5 89.6 1.159 
1,500 844.0 633.0 -4.0 269.0 2.5 2.0 84.4 1.092 
2,000 792.0 594.0 -5.0 268.0 2.0 1.5 79.6 1.029 
2,500 743.0 557.5 -7.0 266.0 2.0 1.5 75.2 0. 972 
3,000 697.0 523.0 -9.0 264.0 1.5 1.0 71.0 .918 
4,000 611.5 458.5 -14.5 258. 5 1.0 1.0 63.7 .823 
5,000 535.0 401.5 -20.5 252.5 0.5 0.5 57.1 .738 
6,000 466.5 350.0 -27.5 245.5 51.2 .662 
7,000 405.5 301.0 -34.5 238.5 45. 8 . 592 
8,000 350.5 263.0 -41.0 232.0 40.7 526 
9,000 302.0 226.5 -46.5 226.5 . 35.9 .464 

10,000 259.5 194.5 -50.0 223.0 31.4 405 
11,000 222.5 167.0 -52.5 220.5 27.2 352 
12,000 190.5 143.0 -54.0 219.0 23.4 . 303 
13,000 163.0 122.5 -55.0 218.0 20.1 . 260 
14,000 139.5 104.5 -55.0 218.0 17.2 .223 
15,000 119.0 89.5 -55.0 218.0 14.7 190 
16,000 102.0 76.5 -55.0 218.0 12.6 . 163 
17,000 87.0 65.5 -55.0 218.0 10. 8 . 139 
18,000 74.5 56.0 -55.0 218.0 9.2 . 119 
19,000 64.0 48.0 -55.0 218.0 7.9 . 102 
20,000 54.5 41.0 -55.0 218.0 6.7 .087 

ANNUAL.1 

0 
500 

1,000 
1.500 
2,000 
2.500 
3,000 
4,000 
5,000 
6,000 
7,000 

1,017.0 
957.5 
901.5 
848.5 
798.0 
750.5 
705.0 
621.0 
546. 0 
478.0 
417.0 

763.0 
718.0 
676.0 
636.5 
598.5 
563.0 
529.0 
466.0 
409.5 
358.5 
313.0 

11.5 
9.5 
8.0 
6.0 
4.0 
1.5 

-1.0 
-7.0 

-13.0 
-20.0 
-27.0 

284.5 
282.5 
281.0 
279.0 
277.0 
274.5 
272.0 
266.0 
260.0 
253.0 
246.0 

11.5 
9.5 
7.5 
6.0 
5.0 
4.0 
3.0 
2.0 
1.0 
0.5 ■ 

8.5 
7.0 
5.5 
4.5 
4.0 
3.0 
2.5 
1.5 
1.0 
0.5 

95.9 
91.0 
86.2 
81.7 
77.4 
73.5 
69.7 
62.8 
56.5 
50.8 
45.7 

1.240 
1.176 
1.114 
1.056 
1.001 
0,951 

.902 

.813 

.731 

.657 

.591 

.527 

.468 

.412 

.362 

.316 

8,000 362.0 271.5 -33.5 239.5 40.7 
9,000 

10, ooo 
313.5 235.0 -39. 5 233.5 36. 2 
270.5 203.0 -44.5 228.5 31 9 

11,000 232.5 174.5 -49.0 224.0 28. 0 
12,000 199.5 149.5 -53.0 220.0 24.4 
13,000 171.0 128.5 -55.0 218.0 21.1 .273 

.233 

.200 

.171 

.146 

.125 

.107 

.091 

14,000 146.0 109.5 -55.0 218.0 18. 0 
15,000 125.0 94.0 -55.0 218.0 15. 4 
16,000 107.0 80.5 -55.0 218.0 13.2 
17,000 91.5 68.5 -55.0 218.0 11.3 
18,000 78.0 58.5 -55.0 218.0 9.6 
19,000 67.0 50.5 —55.0 218.0 8.3 
20,000 57.0 43.0 -55.0 218.0 7.0 

1 The annual means also represent quite closely the average spring and autumn conditions. 
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Table 2.—Mean jree-air densities, kilograms per cubic meter, in different parts oj the world. 

Altitude, 
mean sea 

level, 
meters. 

SUMMER. WINTER. 

United 
States, 

lat. 40°N. 

North¬ 
eastern 
France, 

lat. 50°N.1 

Central 
Europe, 

lat. 52*N.2 

United 
States, 

lat. 40 °N. 

North¬ 
eastern 
France, 

lat. 50°N.i 

Central 
Europe, 

lat. 52®N.2 

0 
1,000 
2,000 
3,000 
4,000 
5,000 
6,000 
7,000 

! 8,000 
9,000 

10,000 
11,000 
12,000 
13,000 
14,000 
15,000 
16,000 
17,000 
18,000 
19,000 
20,000 

1.175 
1.072 
0.975 
.885 
.801 
.723 
.653 
.587 
.527 
.470 
.418 
.371 
.329 
.285 
.244 
.209 
.178 
. 153 
.130 
.111 
.095 

1.224 
1.100 
0.995 
.898 
.808 
.727 
.653 
.587 
.527 
.472 
.419 
.369 
.319 
.274 
.234 
.201 
.172 
.148 
. 127 
. 109 
.093 

1.099 
0.996 
.898 
.808 
.727 
.653 
.588 
.529 
.473 
.422 
.371 
.319 
.268 
.234 
.199 
. 169 

1.309 
1.159 
1.029 
0.918 
.823 
.738 
.662 
.592 
.526 
.464 
. 405 
.352 
.303 
.260 
.223 
.190 
. 163 
.139 
.119 
.102 
.087 

1.289 
1.147 
1.025 
0.920 
.827 
.743 
.666 
.596 
.530 
.469 
.410 
.355 
.303 
.259 
.221 
.189 
.162 
.138 
.118 
.101 
.086 

1.151 
1.026 
0.920 
.827 
.743 
. 665 
.593 
.530 
.466 
.407 
.351 
.302 
.255 
.216 
.186 
.157 

ANNUAL. 

Altitude, 
mean sea 

level, 
meters. 

Batavia, 
lat. 7° S.3 

United, 
States, 

lat. 4U°N. 

Canada, 
lat. 43°N.3 

Europe, 
lat. 50°N.3 

South¬ 
eastern 

England, 
lat. 51°N.3 

Central 
Europe, 

lat. 52°N.2 

Tous¬ 
saint’s 

formula.'1 

0 1.174 1.240 1.258 1.258 1. 253 1.225 
1,000 1.067 1.114 1.134 1.128 1.128 1.124 1.112 

2,000 0.968 1.001 1.011 1.017 1.014 1.008 1.008 

3; 000 .871 0.902 0.905 0.913 0. 909 0.908 0.907 
4,000 .789 .813 .815 .819 .819 .816 . 820 

5,000 .714 .731 .733 .735 .735 .734 .735 
6,000 .645 .657 .662 .661 .658 .658 .660 
7', 000 .581 .591 .592 .590 .589 .590 .588 
8,000 .522 .527 .528 .528 .524 .528 .525 
9,000 .469 .468 .470 .467 .463 .468 .467 

10; 000 .419 .412 .415 .411 .409 .413 .413 
11,000 .374 .362 .365 .358 . 355 .360 
12', 000 .331 .316 .314 .307 .305 .311 
13,000 .294 .273 .268 .261 .261 .264 
14,000 .261 .233 .233 .223 .223 .226 ......... 
15,000 .225 .200 .198 .191 .191 .195 
16,000 .191 .171 .169 .162 .162 .165 
17,000 
18,000 
19,000 
20,000 

.162 

.135 

.113 

.091 

.146 

.125 

.107 

.091 

.144 

.121 

.102 

.088 

.139 

.119 

.102 

.037 

.139 

.119 
. 102 
.087 

i Humphreys, W. J.: Temperatures, pressures, and densities of the atmosphere at various levels in the ’•egion of northeastern France, Monthly 
Weather Review, March, 1919, 47:159-161. (Based on observations at Trappes, Uccle, Strassburg, and Munich.) 

> T.inlra, Franz. Uber die Luftdichte. Beitrage zur Physik der freien Atmosphare. VIII Band. Heft 2. 73-85. 1919. (Based on observa¬ 
tions at L ndenberg, Strassburg, and Trappes.) . . 

* Dines, W. H. The Characteristics of the Free Atmosphere. Geophysical Memoirs No. 13. Meteorological Office, London, 1919, M. 0. 
220c., p. 63. 

* Draft of Inter-Allied Agreement on Law Adopted for the Decrease of Temperature with Increase of Altitude, March, 1920. Issued by Ministere 
de la Guerre, Aeronautique Militaire, Section Technique. (Discussed by W. R. Gregg in “ The standard atmosphere.” Monthly Weather Review, 
May, 1920, pp. 272-273.) 

Table 3.—Mean,free-air barometric pressures, temperatures and densities, computedfrom Toussaint’sformula. 

Altitude, 
mean sea 

level. 
Pressure. Temperature. 

Density. 

Per cent 
standard. 

Kilograms 
per cubic 
meter. 

m. mb. mm. °C. “A. 
0 1,013.3 760.0 15.0 288.0 94.7 1.225 

500 952.0 714.0 12.0 285.0 90.1 1.165 
1,000 898.0 673.5^ 8.5 281.5 86.0 1.112 
1,500 845.5 634.0 5.0 278.0 82.0 1.060 
2,000 794.5 596.0 2.0 275.0 78.0 1.008 
2,500 746.5 560.0 -1.0 272.0 74.0 0.957 
3,000 700.5 525.5 -4.5 268.5 70.1 .907 
4,000 616.0 462.0 -11.0 262.0 63.4 .820 
5,000 540.0 405.0 -17.5 255.5 56.8 .735 
6,000 472.0 354.0 -24.0 249.0 51.0 .660 
7,000 410.5 308.0 -30.5 . 242.5 45.5 .588 
8,000 356.0 267.0 -37.0 236.0 40.6 .525 
9,000 307.5 230.5 -43.5 229.5 36.1 .467 

10,000 264.0 198.0 -50.0 223.0 31.9 .413 
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Table 4.—Mean Jree-air barometric and vapor pressures, temperatures and densities, at about latitude 40° in the United 
States—English measures. 

Altitude, 
mean 

sea level. 
Pressure. Temper¬ 

ature. 
Vapor 

pressure. 

Density. 

Per cent 
standard 

Pounds 
per cubic 

foot. 

SUMMER. 

Feet. Inches. °F. Inches. 
0 29.94 77.0 0.65 90.9 0.0734 

1,000 28.92 73.5 .57 88.4 .0714 
2,000 27.92 70.5 .50 85.9 .0694 
3,000 26.95 67.0 .43 83.6 .0674 
4,000 26.01 64.0 .37 81.2 .0655 
5,000 25.10 60.5 .32 78.9 .0637 
6,000 24.22 57.0 .27 76.7 .0619 
7,000 23.35 54.0 .23 74.4 .0600 
8,000 22.52 50.5 .20 72.3 .0583 
9,000 21.71 47.5 .17 70.1 .0566 

10,000 20.92 44.0 .15 68.0 .0549 
11,000 20.16 40.5 .13 66.1 .0533 
12,000 19.42 37.0 .12 64.1 .0517 
13,000 18.70 33.5 .10 62.2 .0502 
14,000 18.00 30.0 .09 60.3 .0487 
15,000 17.32 26.5 .08 58.4 .0472 
16,000 16.67 23.5 .06 56.6 .0457 
17,000 16.03 20.0 .06 54.8 .0443 
18,000 15.42 16.0 .05 53.2 .0429 
19,000 14.82 12.0 .04 51.6 .0416 
20,000 14.24 8.5 .03 49.9 .0403 
21,000 13.68 4.5 .02 48.4 .0391 
22,000 13.14 0.5 .02 46.9 .0378 
23,000 12.62 -3.0 .01 45.4 .0366 
24,000 12.11 -7.0 .01 44.0 .0355 
25,000 11.61 -10.5 42.5 .0343 
26,000 11.14 -14.0 41.1 .0331 
27,000 10.68 -17.5 39.7 .0320 
28,000 10.23 -21.0 38.3 . 0309 
29,000 9.80 -24.5 37.0 .0299 
30,000 9.39 -28.0 35.7 .0288 
32,000 8.60 -35.5 33.3 .0269 
34,000 7.87 -42.5 31.0 .0250 
36,000 7.19 -49.5 28.8 .0232 
38,000 6.56 -56.5 26.7 .0216 
40,000 5.97 -62.5 24.7 .0199 
45,000 4.71 -67.0 19.7 .0159 
50,000 3.71 -67.0 15.5 .0125 
55,000 2.92 -67.0 12.2 .0099 
60,000 2.30 -67.0 9.6 .0078 
65,000 1.81 -67. 0 e 7.6 .0061 

WINTER. 

0 30.12 28.5 0.13 101.2 0.0817 
1,000 28.99 27.5 .11 97.6 .0788 
2,000 27.89 26.5 .10 94.1 . 0760 
3,000 26.84 26.5 .09 90.6 .0731 
4,000 25.82 26.0 .08 87.2 .0704 
5,000 24.84 24.5 .07 84.2 .0679 
6,000 23.90 23.5 .06 81.2 .0655 
7,000 22.99 22.0 .06 78.4 .0632 
8,000 22.12 20.0 .06 75.7 .0611 
9,000 21.27 17.5 .05 73.2 .0591 

10,000 20.45 15.5 .04 70.6 . 0570 
11,000 19.66 12.5 .04 68.3 .0552 
12,000 18.89 9.5 .03 66.1 .0534 
13,000 18.15 6.5 .03 63.9 .0516 
14,000 17.44 3.0 .02 61.9 .0500 
15,000 16.74 -0.5 .02 59.9 .0483 
16,000 16.07 -3.5 .01 57.9 .0467 
17,000 15.42 -7.0 .01 56.0 .0452 
18,000 14.80 -11.0 54.2 .0437 
19,000 14.19 -15.0 52.4 .0423 
20,000 13.60 -18.5 50.6 .0409 
21,000 13.03 -22.5 49.0 .0395 
22,000 12.48 -26.5 47.3 .0382 
23,000 11.96 -30.0 45.8 .0369 
24,000 11.44 -34.0 44.2 .0356 
25,000 10.95 -37.5 42.6 .0344 
26,000 10.47 -41.0 41.1 .0332 
27,000 10.01 -44.0 39.6 .0319 
28,000 9.57 -47.0 38.1 .0308 
29,000 9.14 -50.0 36.7 .0296 
30,000 8.73 -52.5 35.2 .0284 
32,000 7.96 -56.5 32.4 .0262 
34,000 7.25 -59.5 29 8 0240 
36;000 6.60 -62.5 27.3 0220 
38;000 6.01 -64.0 25.0 .0201 
40; 000 5.46 -65.5 22.8 . 01.84 
45,000 4.31 -67.0 18.0 .0146 
50,000 3.39 -67.0 14.2 .0115 
55,000 2.67 -67.0 11.2 .0090 
60,000 2.11 -67.0 8.8 .0071 
65,000 1.66 -67.0 7.0 .0056 



408 REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS. 

Table 4 —Mean free-air barometric and vapor pressures, temperatures and densities, at about latitude 40° in the Unit'd 
States—English measures—Continued. 

Altitude, 
mean 

sea level. 
Pressure. 

Temper¬ 
ature. 

Vapor 
pressure. 

Den 

Per cent 
standard. 

sity. 

Pounds 
per cubic 

foot. 

ANNUAL. 

Feet. Inches. ° F. Inches. 
0 30. 03 52.5 0.34 95. 9 0. 0774 

1,000 28. 95 50.5 .30 92.9 .0750 
2,000 27.91 48. 5 .27 89.9 . 0726 
3.000 26.90 47.0 .23 86.9 .0702 
4,000 25. 93 45.0 .20 84.2 .0679 
5,000 24. 98 42.5 . 18 81.5 . 0658 
6,000 24. 07 40.5 .1.6 78.9 .0637 
7,000 23.18 38.0 . 14 76.4 .0316 
8,000 22. 33 35.0 .12 74.0 . 0597 
9,000 21.50 32.5 . 11 71.6 . 0578 

10, OCO 20.70 29.5 .09 69. 4 .0560 
11,000 19. 92 26.5 .08 67.2 .0513 
12,000 19.16 23.0 .07 65.1 .0526 
13,000 IS. 43 20.0 .06 63.1 .0509 
14,000 17.73 16.5 .05 61.1 .0493 
15,000 17.04 13.0 .04 59.2 .0477 
16,000 16.38 10.0 .03 57.3 . 0462 
17.000 15. 74 6.5 .03 55.4 .0 447 
18,000 15.12 2.5 .02 53. 7 .0434 
19,000 14. 51 -1.5 .01 52.0 .0420 
20,000 13.93 -5.0 .01 50.3 .0406 
21,000 13.37 -9.0 48.7 .0393 
22,000 12.82 -13.0 47.2 . 0381 
23,000 12.29 -16.5 45.6 .0368 
24,000 11.78 -20.5 44. 1 .0356 
25,000 11.29 -24.0 42.6 .0344 
26,000 10.81 -27. 5 41.1 . 0332 
27,000 10.35 -31.0 39.7 .0320 
28,000 9.91 -34.0 38.2 .0309 
29,000 9. 48 -37.5 30.9 .0298 
30,000 9. 07 -40.5 35.6 . 0287 
32,000 8. 29 -46.0 32.9 .0266 
34,000 7.56 -51.0 30.4 .0215 
36,000 6. 90 -56.0 28.1 .0227 
38,000 6. 28 -60. 5 25.8 .0209 
40,000 5.72 -64.0 23.8 .0192 
45,000 4. 51 -67.0 18.9 . 0152 
50,000 3.55 -67.0 14.9 .0120 
55,000 2. 80 -67.0 11.7 . 0095 
00,000 2.20 -67.0 9.2 .0074 
65,000 1.74 -67. 0 7.3 .0059 

Table 5.—Mean free-air barometric pressures, temperatures and densities, computed from Toussaint’s formula— English 
measures. 

Altitude, 
mean sea 

level. 

Density. 

Pressure. Temper¬ 
ature Per cent 

stand¬ 
ard. 

Pounds 
per cubic 

foot. 

Feet. 
0 

Inches. 
29. 92 

o p 
59.0 94.8 0. 0765 

1,000 28. 85 55.5 92.0 . 0743 
2,000 27,82 52.5 89.2 .0720 
3,000 26. 82 49.0 86.6 . 0699 
4,000 25.84 46.0 84.0 .0678 
5,000 
6,000 

24.90 42.5 81.-5 . 0558 
23. 98 38.0 79.2 .0639 

7,000 23.09 31.0 76.8 . 0620 
8,000 22.23 31.0 74.4 .0601 
9,000 21.39 26.5 72.3 . 0583 

10,000 20. 58 22.5 70.1 .0566 
11,000 19.79 19.0 67.9 .0548 
12,000 19. 03 16.0 65.7 . 0531 
13,000 18.29 12.5 63.6 .0514 
14,000 17.57 9.0 61.6 .0497 
15,000 16. 88 5.0 59.7 . 0482 
16,000 16. 21 1.0 57.8 .0467 
17,000 15. 56 -2.5 55.9 .0151 
18,000 14.93 -5.5 54.0 .0436 
19,000 14. 33 -9.0 52.2 .0422 
20,000 13.74 -12.5 50.5 .0407 
21,000 13. 17 -16.5 48.8 .0391 
22,000 12. 63 -20.0 47.2 . 0381 
23,000 12.10 -24.0 45.6 .0368 
24,000 11. 59 -27.0 44.0 .0355 
25,000 11.09 -30.5 42.5 . 0343 
26,000 10. 62 -34.0 41.0 .0331 
27,000 10. 16 -37.5 39.5 . 0319 
28,000 9.71 -41.5 38.2 . 0308 
29,000 9.28 -45.0 36.8 . 0297 
30,000 8. 87 -48.5 35.4 .0286 
31,000 8.47 -52.0 31. 1 .0276 
32,000 8. 09 — 55. 5 32.9 .0265 
33,000 7. 72 -58.5 31.6 , 0255 
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Table 6.—Mean free-uir densities, kilograms per cubic meter, at various latitudes and altitudes as computed by Franz Linke.' 

Altitude, 
mean sea 

level. 

Latitude. 

Mean. North. 

0° 

South. 

90° 80° 70° 60° 50° 40° 30° 20° 10° 10° 20° 30° 40° 50° 60° 70° 80° 90° 

m. 
0 

4,000 
8,000 

12,000 
16,000 

1.408 
0.851 
.510 
.282 
. 156 

1.380 
0. 817 
.515 
.288 
. 158 

1.342 
0.833 
.519 
.292 
. 161 

1.292 
0.823 
.523 
.302 
.166 

1.261 
0.811 
.528 
.314 
. 172 

1.228 
0. 805 
.528 
.324 
.182 

1.198 
0.800 
.524 
.334 
.190 

1.172 
0. 795 
.520 
.341 
. 198 

1. 164 
0.790 
.518 
.345 
.205 

1.166 
0.790 
.518 
. 345 
.208 

1.171 
0. 795 
.519 
.341 
.204 

1.189 
0. 801 
.520 
.331 
.196 

1.210 
0.808 
.520 
.332 
. 189 

1.235 
0.805 
.526 
.323 
. 181 

1.253 
0.803 
.522 
. 314 
. 173 

1. 273 
0.808 
.511 
.295 
.162 

1.321 
0. 817 
.508 
.286 
.158 

1.376 
0. 831 
.504 
.280 
. 155 

1.403 
0.844 
.502 
.278 
.153 

1.221 
0.804 
.521 
.326 
. 187 

1 Uber die Luftdichte. Beitrii^e zur Physik der freien Atmosphare. VIII Band. Heft 3-4. 191-199, 1919. 
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REPORT No. 148 

THE PRESSURE DISTRIBUTION OVER THE HORIZONTAL TAIL 
SURFACES OF AN AIRPLANE, III. 

By F. H. Norton and W. G. Brown. 

ACCELERATED FREE FLIGHT. 

SUMMARY. 

This report is the third 1 and final part of the investigation on the distribution of pressure 

over the horizontal tail surfaces of an airplane, conducted by the National Advisory Committee 

for Aeronautics at the Langley Memorial Aeronautical Laboratory. This part deals with the 

distribution of pressure during accelerated flight of the full-sized airplane, for the purpose of 

determining the magnitude of the tail and fuselage stresses in stunting. 

As the pressures to be measured in accelerated flight change in value with great rapidity, 

it was found that the liquid manometer used in the first part of this investigation would not be 

at all suitable under these conditions; so it was necessary to design and construct a new manome¬ 

ter containing a large number of recording diaphragm gauges for these measurements. Sixty 

openings on the tail surfaces were connected to this manometer and continuous records of 

pressures for each pair of holes were taken during various maneuvers. There were also recorded, 

simultaneously with the pressures, the normal accelaration at the center of gravity and the 

angular position of all the controls. 

This investigation showed the following results: 

1. In contradiction to previous beliefs there did not occur in any maneuver on this machine 

large down loads on the horizontal tail surfaces. 

2. In no maneuver was there any down load on the tail plane. The greatest down load 

on the elevator alone was 3.7 pounds per square foot, which occurred when pulling suddenly 

out of a dive. 
3. The greatest average upload on the horizontal tail surfaces occurred in a tail spin and 

amounted to 6.6 pounds per square foot. 
4. When pulling suddenly out of a dive at 80 miles per hour the normal acceleration at the 

center of gravity was 3.25 g. and the maximum average tail load (upward) amounted to 5.6 

pounds per square foot. 
5. When pulling out of a dive the maximum tail load was nearly proportional to the maxi¬ 

mum loading on the wings. 
6. When pulling as suddenly as possible out of a dive at 80 miles per hour the normal acceler¬ 

ation and the tail load reached their maximum 0.7 second after the stick had reached its most 

rearward position. 
7. In no maneuver was there any appreciable torque about the X axis of the tail plane. 

8. If the normal acceleration, the radius of gyration, the position of the center of gravity, 

the center of pressure on the wings and the approximate angular acceleration is known the tail 

load can be computed for any maneuver. 
9. The most important facor in determining the magnitude and direction of the horizontal 

tail load for any maneuver is the position of the center of gravity. 

» See N. A. C. A. Reports Nos. 118 and 119 for Parts I and II. 413 
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INTRODUCTION. 

IMPORTANCE OF THE PROBLEM. 

The study of the tail load in accelerated flight has been considered of great importance, 

first because there has been no experimental data of any kind upon which the designer could 

base the strength of the fuselage and tail surfaces, and secondly because it has been believed 

that the loads experienced by the tail surfaces and fuselage in accelerated flight would far exceed 

those occuring under any other condition. 

PREVIOUS WORK. 

There has apparently been no experimental work carried out previously on the study of 

tail loads in accelerated flight. Reference to some theoretical work on the subject is given 

below: 
Applied Aerodynamics—Thompson, page 263. 

Airplane Structures—Pippard and Pritchard, page 54. 

Possible Stresses in an Aeroplane in Flight—British R. & M. No. 219. 

Structural Analysis and Design of Airplanes—Engineering Division, U.S. Air Service. 

Fuselage Stress Analysis—N. A. C. A. Report No. 76. 

On the Possible Loading of the Wings and Body of an Airplane in Flight—British 
R. & M. No. 490. 

Fig. I—N. A. C. A. multiple recording manometer. 
Fig. 2.—-Top view of manometer witli film drum removed. 

THE SCOPE OF THE PRESENT TEST. 

The.present investigation consisted in measuring on a standard rigged JN4h airplane the 

c isti i nit ion of pressure over the whole of the horizontal tail surfaces while the machine was being 

pu t roug manem ers as violently as it was thought safe, including spinning and pulling out of 
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...^or work was done by Mr. T. Carroll, the instruments were installed and 
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APPARATUS. 

As the instruments used in this investigation are of a rather novel character, and of possible 

use u ness in ot er work, it is thought that a full description of them will be of interest. 
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MULTIPLE MANOMETER. 

The problem of designing a suitable manometer for this work was not a simple one, for there 

was no standard type that could be modified to fit the conditions. It was necessary to have an 

instrument capable of recording 30 sets of pressures continuously for 30 seconds, and yet be 

compact enough to go inside an airplane fuselage. The natural period of the gauges had to be 

high and there could not be any flow through the connecting tubes with changes in pressure. 

Finally, the readings must be independent of acceleration and the calibration must not be 

affected by the vibration of the airplane. These conditions have resulted in the following 
instrument. 

As shown in figures 1 and 2, the separate pressure capsules are arranged around the outside 

of a cylindrical aluminum casting in three rows of 10. There is located at the center of the bot¬ 

tom of the case an electric bulb with a straight vertical filament. This bulb is inclosed in a 

chamber having a horizontal annular slit 0.004 inch in width, so that a horizontal sheet of light 

is spread out in all directions. This light is intercepted when it reaches the inside of the case 

by 10 long prisms, which send it directly upward to 30 small prisms, which in turn transmit 

the light through a lens to the mirror on each pressure capsule. The beam of light is reflected 

back through the same lens, which focuses it sharply on the film. 

Fig. 3.—Electric driving motor. Fig. 4. —Front and rear views 
o f a pressure capsule. 

This film has a width of 4-1 inches and is wound on a drum 6 inches in diameter. The 

film drum is mounted in a light-tight case which can be lowered inside of the instrument between 

the rows of prisms and the driving mechanism. A rotary shutter opens 30 slits for the entrance 

of the light beam after the film drum is in place. 

The film drum is turned through one-tenth of a revolution by a constant-speed electric 

motor driving through a double-worm reduction gear. The electric motor, shown in figure 3, 

is the type used in all of the N. A. C. A. recording instruments. It is controlled by a centrifugal 

governor with electrical contacts which cut in and out a resistance. The speed remains con¬ 

stant within 1 per cent for considerable changes of either voltage or load. 

One of the pressure capsules is shown in figure 4. It consists of a brass case divided into 

two chambers by a hard brass diaphragm with a connection for pressure in either part. The 

movement of the diaphragm rotates a small plain mirror which is mounted on pivots in much 

the same manner as in the N. A. C. A. recording air-speed meter.2 The diaphragm is heated 

to a higher temperature than the case just before it is clamped into place, so that on cooling 

it will be tightly stretched; otherwise it has two points of equilibrium which gives an unstable 

calibration curve. In the center of the front of the capsule there is cemented a small plane 

1 N. A. C. A. Recording Air Speed Meter, Technical Note No. 64. 
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convex lens, through which the light beam is transmitted. The moving system of the capsule 

is sufficiently light and well balanced to prevent any acceleration from affecting the pressure 

readings. The sensitivity of the capsules was so adjusted that they all gave 0.02 inch deflec¬ 

tion on the film for 1 pound per square foot change in pressure. For the range of pressures 

used the deflection was proportional to the pressures and the effect of hysteresis was quite 

negligible. 
One of the extra capsules was connected to a Mark IV Pitot head on the right-hand inner 

strut. On the corresponding left-hand strut was a similar head connected to an Ogilvie air¬ 

speed meter in the forward cockpit. This latter instrument was carefully calibrated over the 

speed course and used as a reference for calibrating the air-speed capsule during the tests. 

THE TAIL SURFACE. 

The tail surface used was of the standard JN4h type with a distribution of holes as shown 

in figure 5. It might be thought that the 26 holes used would be insufficient to determine the 

distribution of pressure accurately, but when it is considered that the previous tests in steady 

flight have given us the manner of distribution it is evident that sufficient accuracy can be 

obtained from this arrangement.3 The first method tried for putting holes in the surface of 

the tail is shown in figure 6 and consists in soldering the connecting nipple to a very thin sheet 

of brass which is cemented with dope between a strip of fabric and the outer covering of the 

tail, after which the outer fabric is perforated above the hole. This method at first seemed 

very satisfactory, but it was found that after flying for some time the fabric loosened up 

around the holes and in some cases there was considerable leakage between the hole and the 

interior of the tail. The method was then changed to that shown in figure 7, which proved to 

be entirely satisfactory. Great care was taken to be sure that none of the tubes were obstructed 

and that there was no leakage around any of the holes. 

The Drawing of Experimental Curves—N. A. C. A. File 6900-38. 
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No attempt was made to measure separately the pressures on the upper and lower surfaces 

of the tail, but only the difference between the pressures in corresponding holes on upper and 

lower surfaces was measured by connecting the two holes to the opposite sides of a single dia¬ 

phragm, thus doubling the number of readings that could be taken for a given manometer and 
also considerably simplifying the computation of the data. 

AHjoints 
cementec 
with 

Outer fabric strip. 
/.p05 "Brass plate, 

f fabric strip. 

Fig. 7—The second method used to apply 
pressure hol&s in the tail surface. 

Fig. 6.—First method of constructing the pressure holes. 

Due to the weight of the instruments and the rubber tubing in the tail the center of gravity 

was abnormally far back 46.6 per cent of the mean chord. The pilot, however, did not con¬ 

sider that the machine felt unusually tail heavy, and except for a slight lack of control in 
landing the handling was normal in every way. 

Fig. 8.—Control position recorder. 

CONTROL POSITION RECORDER. 

It was thought desirable in this investigation to record simultaneously with the other 

data the position of all three controls. In order to do this the instrument shown in figure 8 

was designed. A small steel wire is run from the control horn to the small cords wrapped 

around three drums inside of the instrument. The drums contain springs to keep the system 

always at a given tension. These three drums are mounted on a screw so that their rotation 
53006—23-28 
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produces a small longitudinal motion which is transmitted to three plain mirrors mounted 

behind a large diameter lens. The light from an electric bulb is reflected from these mirrors 

to the usual type of recording drum. As the three records overlap on a film a distinction is 

made between them by revolving in front of two of the mirrors a sector which produces two 

kinds of dotted lines. 

Fig. 9.—N. A. C. A. accelerometer. 

ACCELEROMETER. 

The accelerometer used in this test is an improved model of the original N. A. C. A. acceler¬ 

ometer described in Report No. 100. The new instrument, figure 9, differs from the old in that 

it is driven by a constant-speed electric motor and uses oil damping rather than electromagnetic 

damping. These changes allow a much more compact and convenient instrument. 

Fig. 10—N. A. C. A. angular velocity recorder. 

RECORDING GYROSCOPE. 

As it was thought that records of the angular velocity of the airplane during the various 

maneuvers would be interesting, the instrument shown in figure 10 was designed. It consists 

essentially of an electrically driven gyroscope mounted on pivots and restrained from rotation 

about these pivots by heavy springs. Any angular velocity at right angles to the axis of these 

pivots will tend to produce a precessional force which is recorded by a small mirror rotated by 

the movement of the gyroscope case. A complete description of this instrument will be given 
in a subsequent report. 
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INSTALLATION. 

The multiple manometer was placed on a shelf in the rear cockpit immediately ahead of 

the observer. The instrument was mounted on a sheet of sponge rubber to prevent the machine 

vibrations from reachi g it. The control position recorder was placed on the face of the rear 

instrument board so t .at its drum could be easily changed. The installation of these two 
instruments is shown in figure 11. 

The accelerometer could not be conveniently located at the center of gravity, so it was 

placed on the floor of the machine about 15 inches directly below this point. The mounting 

consisted of a heavy block of sponge rubber, to which the instrument was held by means of 
shock-absorber strands. 

Fig . 11.—The installation of the manometer and control position recorder. ' 

METHOD OF TEST. 

SYNCHRONIZATION OF INSTRUMENTS. 

The driving motors and the electric bulbs for all three instruments, the mutliple manometer, 

the control position recorder, and the accelerometer were connected to one switch, so that all 

the pilot had to do before commencing a maneuver was to close a switch, leave it on for the 

required period, and then open it. As the driving motors would run for a short time after the 

switch was turned off, there was left on the record a small space that served to divide the various 

runs. There was also connected in the circuit a pilot lamp in front of the observer, so that by 

means of a stop watch he could get the exact time during which the records were taken. As 

the drums were rotated at uniform speed and the duration of each record was known, it was a 

simple matter to divide them up into intervals of a second. Since these tests have been com¬ 

pleted, a more convenient and accurate method than this has been devised, which consists of 

an electric chronograph which illuminates a small lamp in the case of each instrument every 

three seconds, thereby producing a sharp black line across every record at even intervals. 

Due to the crowded condition of the airplane, it was inconvenient to place the recording 

gyroscope in the cockpit at the same time as the other instruments, so that records on this 

instrument were taken in separate maneuvers. The records from this instrument, therefore, 

are not strictly comparable with the others, although care was taken to repeat the maneuvers 
as nearly as possible. 

CALIBRATION OF INSTRUMENTS. 

Immediately before each flight a zero mark was placed on each record by holding all of 

the controls in neutral and closing the switch for an instant. After the machine was in the air 

it was flown steadily at two or three different speeds by the Ogilvie gauge and the switch closed 

each time for an instant to obtain calibration points for the air-speed meter capsule. 

The accelerometer was calibrated in the usual way by turning it on its side and on its back 
to obtain values of 0 and lg, respectively. 
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The multiple manometer was calibrated in the laboratory by connecting all of the pressure 

capsules to a chamber in which the pressure could be varied. A film was then put in the instru¬ 

ment and a short record made at a number of positive and negative pressures as measured with 

a water column. The deflections on the film were then measured and a set of calibration curves 

was plotted. It was found that if the capsules were divided up into two groups their deflections 

could be measured with sufficient accuracy by using two calibration curves, one for each group. 

After the tests on the airplane had been completed, the manometer was recalibrated in the same 

way and it was found that there was no appreciable variation in the calibration curve. 

All tests were made at such an altitude that the air density was 0.9, but no density correc¬ 

tions were made to the pressures or to the air speed. 

SCOPE OF THE TESTS. 

As the chief reason for carrying out this work was to find the maximum load that would- 

occur on the tail surfaces, the machine was put through such maneuvers as were thought to 

produce the greatest loads, while at the same time not endangering the pilot and observer. 

The maneuvers selected were the following: 

1. The machine was dived at a speed of 80 miles per hour with the motor throttled to 

about 600 revolutions per minute, and then the stick was pulled clear back as suddenly as pos¬ 

sible. When the machine reached a little more than a vertical position the rudder was kicked 

over and the machine rolled out. 

2. The machine was dived as before at 80 miles an hour and the stick was pulled back 

slowly to its fullest extent and held there until the machine was considerably over the vertical 

and then it was rolled out as before. 

3. The machine was pulled up slowly and at the same time banked in to a sharp left turn 

from an 80 miles per hour dive with throttled motor. 

4. The machine was put into rather a fast right spin in the usual manner, and held there 

for three turns. The motor was throttled. 

Trouble was experienced in the sharp pull up because of the motor cutting out, due prob¬ 

ably to a sticking of the carburetor float. As in the first part of this investigation, all the tests 

were carried out at such an altitude that the density was nine-tenths of standard. 

METHODS OF PLOTTING. 

The records obtained from the multiple manometer were divided by fine lines into inter¬ 

vals of a second and the deflection of the light beam was read off as it crossed each second in¬ 

terval. These deflections were then multiplied by the calibration constant to give the pressures 

in inches of water. The values thus obtained were then plotted along each row of holes on the 

tail in exactly the same manner as was done in Report No. 118. The areas under these curves 

were then plotted along an axis parallel to the air flow, and the area and center of gravity of 

this second area gave the total load and the center of pressure on the complete tail plane. The 

pressures are all given as perpendicular to their respective surfaces and no resolution was made 

for the angle of the elevator. This was not done, first, because the correction even with large 

elevator angles is not great, and, secondly, because the load on the elevator was at all times 

small, so that the resultant correction on the load of the whole tail plane would be within the 

experimental errors of the results. The angle of the elevator is given, however, for every con¬ 

dition, so that the resolution can be made at any time. 

The total load on the elevator and tail plane have also been plotted against a time scale 

with the curves of control position, air speed, and acceleration for each maneuver. 

PRECISION. 

PRESSURE READINGS THROUGH SMALL TUBES. 

The difficulties of accurately reading a given pressure through a considerable length of 

small tube during accelerated flight are far greater than for the same readings in uniform flight. 

I or these reasons it was thought desirable to make a very complete study of the errors occur- 
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ring under the conditions encountered in violent maneuvering. The errors encountered may be 

divided logically into two parts—the first, errors in time, and the second, errors in the value 

of the pressure readings. 
In order to determine the time lag in transmitting a fluctuating pressure through various 

lengths and diameters of small tubes the apparatus shown in figure 12 was employed. A small 

plunger oscillating in a cylinder at the rate of about 30 complete vibrations per second transmits 

pulsations in pressure to two similar pressure capsules, identical with those used on the multiple 

Fig. 12.—Apparatus for measuring pressure lag in small tubes. 

manometer. One capsule is connected by a short tube and the other capsule is connected by 

tubes of various lengths and sizes. A beam of light reflected from the mirrors of these two 

capsules is focused by a lens upon a strip of moving film, thus producing two sine curves, as 

shown in figure 13. If the pressures transmitted to the two capsules were carried through 

tubes of the same length and diameter, the two curves on the film would obviously be in the 

same phase. If one tube, however, is longer than the other, the curve from that capsule would 

lag slightly behind the curve from the standard capsule, and this lag is a measure of the time 

Fig. 14.—Pressure lag in tubes. Fig. 15. —Apparatus for measuring the error in pressure reading 
through small tubes. 

taken for the pressure impulse to travel through a length of pipe equal to the difference in lengths 

between the two connecting tubes. 

The results showed that the lag in time was a lineal function of the length of tubes, so 

that the lag for various diameters of tubes is shown in figure 14 plotted in seconds per foot 

of length against the tube diameter. Each point is the average of a number of readings on 

tubes of different lengths. This curve shows two facts clearly—first, that the time lag is quite 

negligible in airplane work; and second, that the lag per unit length is inversely proportional 
to the diameter of the tube. 
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For measuring the error in the magnitude of the pressure readings through tubes the 

apparatus shown in figure 15 was set up. This consisted of a large reservoir, in the face of 

which was set one of the pressure capsules with a special back so that the diaphragm was in 

direct communication with the chamber. A second capsule was connected to the chamber 

by various lengths and sizes of rubber tubing. The pressure in the chamber was steadily 

increased from atmospheric up to 13 inches of water in a time of about 1.5 seconds, which 

Fig. 16.—Record taken with the apparatus shown in Figure 15. 

was as severe a condition as would probably happen in the full-sized airplane. The deflec¬ 

tions from both capsules were recorded on a single film as shown in figure 16. Intervals were 

marked on the film every 0.1 of a second from the beginning of the pressure change, and the 

deflections of the respective curves were measured at these intervals. The difference between 

the deflections, after each was multiplied by its proper calibration correction, was the error 

due to the connecting tube. It was thought that the results could be most clearly represented 

by plotting this difference as a percentage of the maximum pressure, and this has been done 

for four sizes of tubes in figures 17 and 18. 

Fig. 17.—Errors in measuring a pressure change through 
tubes, tV ' in diameter, and of various lengths. 

Fig. 18.—Errors in measuring a pressure change through tubes. 

It will be observed that in the larger tubes a marked oscillation of the pressure occurs. 

In the five-sixteenths-inch tube the period of this oscillation is given by where P is in 

seconds and L is in feet. In the smaller tubes the damping is so great that the oscillations are 

not clearly evident. The results of these curves are probably good to 1 per cent, but the curves 

are not more consistent because of a slight but rather high period oscillation occurring in the 

reservoir itself, which gives considerable irregularity to the observed points. The results are 

replotted in figure 19 to show the maximum error which would occur for different lengths and 
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diameters of tube used on the pressure capsule. It will be observed that with a pressure rise 

of 13 inches of water in 1.5 seconds and with a capacity of the pressure capsule of 2.17 cubic 

centimeters a tube length of 8 feet will give the minimum error which for all sizes of tubes above 

one-eighth-inch diameter will be less than 1 per cent. For a tube length of 15 feet this error 

will not rise above 2 per cent. In tubes shorter than 8 feet the pressure reading is too high, 

due to the inertia effect of the air, and this error is a maximum with a tube length of 4 feet. 

It is probable that by using a capsule of a different volume the tube length corresponding 

to minimum error can be varied. In our tests on the tail plane the tubes used were three- 

sixteenths inch in diameter and averaged 16 feet in length, so that the error due to transmission 

of pressure probably did not exceed 1 per cent of the maximum pressure. 

There is another error which may come in when using tubes under accelerated conditions, 

and that is the forces on the column of air in the tube. For example, if we have a tube 10 feet 

in length which has acting along its axis an acceleration of 3 g the resultant error in pressure 

will be over 0.4 of an inch of water. In the present investigation this error has been entirely 

neutralized by running all of the tubes in pairs to opposite points on the tail surface, so that an 

acceleration acting on one tube will exactly neutralize its effect in the other. 

Fig. 19.—Maximum error in reading a pressure rising to a maximum 

in 1.5 seconds, for various lengths and diameters of tubes. 

ERRORS IN THE CAPSULE. 

The errors in the capsule due to friction, calibration, or hysteresis were less than deflec¬ 

tion of 0.01 inch on the film, corresponding to a pressure of 0.5 pound per square foot, 

which is the precision aimed for throughout. 

ERRORS IN PLOTTING AND COMPUTATION. 

The errors in plotting the results are somewhat greater than those for the conditions of 

steady flight because of the fewer number of points. The errors due to this cause, however, 

should not be greater than 2 pounds on the total load. Considering all of the errors, the total 

load on the tail plane should be determined in all cases to better than 10 pounds, and in most 

cases to 5 pounds. 
PRECISION OP THE OTHER INSTRUMENTS. 

The accelerometer, due to its position below the center of gravity, reads high under some 

conditions.1 No correction was made as extreme accuracy in measuring the acceleration was 

not desired. The values given may be considered correct to 0.1 g. 

The positions of the controls are recorded with a precision of 0.5 degree. 

< Accelerometer Design—Report No. 100. 
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The air speed is reduced to standard density and in steady flight is correct to 2 miles per 

hour, but, as the air-speed head was not swiveling and as the air flow about the wings was 

uncertain, the air speed in accelerated flight can not be depended upon very closely. For angles 

of pitch up to 40° the air-speed head has a maximum error of 7 per cent (reads high). This 

error is probably neutralized to some extent by the banking up of the air around the planes at 

high angles of attack. The connecting tube used was the same size and approximately the same 

length as that used for the other pressure capsules, so that the air speed should synchronize 

with the pressure readings closely. 

GENERAL DISCUSSION OF RESULTS. 

RAPID FLATTENING OUT FROM A DIVE. 

For this case the loads over the entire tail surface for each interval of time are shown in figure 

20. The pressures are plotted in exactly the same way and to the same scale as in Report No. 

118, but the number of points at which the pressure has been measured is in this case reduced. 

It will be noticed that at the beginning of the records the results check fairly well with Case I 

of Report No. 118 and the slight discrepancies can be accounted for by the fact that the condi¬ 

tions are not quite steady and that the center of gravity is farther back on this test. 

It is evident from these figures that the load at all times is far more symmetrical on the two 

halves of the tail than it is in steady flight with the motor at full throttle. At the same time, 

however, it would be quite unsafe to predict the total load on the tail surface from readings 

taken only on one side. High peaks of pressure at the outer edges of the tail surface are evident, 

as in the cases or steady flight. It will be noticed that beyond the seventh second the load on 

the left-hand side of the elevator is considerably increased due to the left rudder. 

In figure 21 there are plotted curves of tail-surface load along the chord, and these curves are 

comparable with those shown in Report No. 118. Up to a time of two and one-half seconds 

the loading over the tail surface is approximately normal, but at this time the load all over the 

elevator and on the rear half of the tail plane is strongly negative, which is caused by the fact 

that the elevator at this point has been suddenly pulled up to its fullest extent. The moment 

about the leading edge of the tail plane is rather great at this point—300 foot-pounds. At the 

third second the down load on the elevator is quite small and the up load on the tail plane has 

increased, due to the fact that the airplane at this time has started to rotate, thus changing the 

angle of attack of the tail surface. At three and one-half seconds the up load on the tail plane 

is very great, but for some unaccountable reason the down load on the rear of the elevator is 

somewhat increased over the preceding time interval. The tail surface at this time is strongly 

resisting the stalling moment produced by the wings. After the fourth second the loads on the 
tail surface become quite normal. 

The complete behavior of the airplane while it is being pulled rapidly out of a dive can per¬ 

haps be most clearly indicated by referring to figure 22 where there are plotted the following 
synchronized curves: 

1. The air speed of the airplane along the X axis. 

2. The normal acceleration at the center of gravity. 

3. The angular position of the elevator. 

4. The angular position of the ailerons. 

5. The angular position of the rudder. 

6. The load per square foot on the tail plane. 

7. The load per square foot on the elevator. 

8. The load per square foot on the total tail surface. 

9. The position of the center of pressure of the whole tail surface. 

Referring to the elevator position curve, it will be seen that the elevator is moved around 

iiregularly in order to gain the correct speed until a time of 2.2 seconds, when the elevator is 

pulled back suddenly to its fullest extent in 0.6 second. This position of the elevator is main¬ 

tained until about the seventh second, when it is pushed gradually forward. 



PRESSURE DISTRIBUTION OVER HORIZONTAL TAIL SURFACES. 425 

Time - 0.0 Second / sfSecond <3nd5econd 

0.5 Second 
3rdSecond 35 Second 

4th Second 

8th Second 3th Second 

Fig. 20. Showing the curves of pressure over the entire tail surface for each interval of time in a rapid flattening out of a dive 
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tj +8 r Time = 0.0 Second 

Direction Cu.,m.,of Total toad Pounds 
of action water in tbs. per sq.ft. 

Tail plane Up +284.76 +10.308 +3436 
Elevator Down -583.08 -21.110 -.3500 
Total - ~ -t0.800 -.2060 
Horizontal tail surface Moment about L.Er 218 "* 

/ st Second 

■s Ik 

fue^i-cio 

Direction Cujn.of Total toad Pounds 
of action water in tbs. per sq.ft. 

Tail plane 0 +13.56 +.49/ +.0/6 
Elevator Up +94.92 +3.436 +. 154 
Total - - +3.927 .075 
Horizontal tail surface Moment about L.E. • 7.8"* 

l/) 

lot/plane Up +508.50 IQ.4I 614 
Elevator Up +2/357 7.73 '343 
Total - +722.07 26.14 500 
Horizontal tail surface Moment about L.E. = 6/8 "* 

* 

Second 

Tailplane 
Elevator 
Total 

Direction Cu.in.pf 
of action water 

Up /18.5 
Do wn -2200.0 

ofatload Pounds 
in lbs. per sqft. 

+4.29 .14 
-79.70 -3.60 
75.40 -1.45 

Horizontal tail surface Moment about L.E. -4220 "* 

4ti Second 

Direction Cu.,in.,of Total toad Pounds 
of action water in lbs. per sq.ft. 

Tail plane Up +5195.17 +18807 6 28 
Elevator „ +586.47 +21.23 95 

T°/a/. J , - - +209.30 4.00 
horizontal tail surface Moment about L.E.=4120 

3.5 Second 

Direction 
of action water in tbs. per sq.ft. 

Tailplane Up +82/0.0 +297.00 9.9 
Elevator Down - 61.2 - 2.21 ./ 
Total — - +294.79 5.6 
Horizontal tail surface Moment about L.E" 47/6"* 

Tailplane 
Elevator 
Total 

<*> 
Down 

4570. 
380. 

165.50 
-1375 

+ 151.75 

5.50 
■62 

2.91 u ■ , “ ~ +151.75 2.9/ 
Horizontal tail surface Moment about L.Er J 532 

Direction Cu.in.of Total load Pounds 
of action water m tbs. per sq.ft. 

Taitptane Up 791. 28.8 .96 
Elevator It 329 11.8 .53 
Total — — 40.6 .78 
Horizontal tail surface Momenf aboul L.Er 1260"* 

•*3 Stir Second 

Direction Cu.in.of Tola/load Pounds 
of action water in tbs. per sq.ft. 

Tail plane Up +1521. +55.1 +1.83 
Elevator Down -2St. -91 - 4t 
Total - - +46 o .88 

Horizontal fait surface Moment about L.E. * 382 "* 

7ti Second Qti Second 

ti *8 
o 

o 0 

y-8 
<o 
-Q 
vj 

c 

c 

■ n— 
^ Sj 

^ CO -j-c c. 

—t- 

Direction Cu.in.pf Total toad Po 
of action water ,n lbs. pei 

T°'Plane Up 617.0 22 3 
Elevator , 3044 //Q 

Horizontal fait surface Moment about L.Er /C 

Direction Cujn.of Total load Pounds 
of action water in tbs. per sq.ft. 

Tail plane Up 1440. 52. / /. 74 
Elevator /, 542. 19.6 .88 
Total - - 7/. 7 1.38 
Horizontal tail surface Moment about L.Er2002 "* 

9ti Second 

Tail plane Up 2490. 89.8 2.99 
Elevator " 66 7 24. / 108 
Total - - i/3.9 2.19 
Horizontal fait surface Moment about L.Er2720 

^ig. 21. Showing the curves of pressure over the tail surface along the chord for each interval of time in a rapid flattening out of a dive. 
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The acceleration curve starts in at about 0.8 g and rises slowly to about 0.9 g at the second 
second while the machine is being nosed down to gain velocity. At 2.2 seconds, exactly the time 
at which the elevator is started to be pulled back, the acceleration rises rather rapidly until it 
reaches a maximum of 3.25 g. at 3.4 seconds, which is 0.6 second later than when the elevator 
reaches its maximum position. From this maximum the acceleration falls very rapidly to a 
minimum of 0.3 at the seventh second, and after this it rises more slowly to the end of the record. 

The air speed shows a gradual increase up to 3.2 seconds, when it falls rather sharply to a 
minimum of 25 miles an hour at 6 seconds It will be seen that the air speed lags behind the 

Pig. 22.—Sudden flattening out of a dive. 

movement of the elevator by approximately 1 second, due to the inertia of the machine. It 
should be remembered that the air speed as recorded here is only approximate, as there is no 
way of actually calibrating an air-speed meter under conditions of accelerated flight. 

Referring to the load on the elevator, it will be seen that it is slightly irregular but nearly 
constant in value up to a time of 2.2 seconds, which is the time at which the elevator begins 
to move upward. After this the load on the elevator falls rapidly to a minimum of —3.7 
pounds per square foot at 2.6 seconds. It then rises to — 0.5 pound per square foot at 3 seconds, 
then oscillates between 0 and 1 pound, finally increasing to 1.3 pounds per square foot at 10 
seconds. The most interesting fact shown by this curve is that the maximum load on the 
elevator comes before the elevator is pulled completely back. 
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Direction Cu.jnpf Total toad Pounds 
of action water in tbs. per sq.ft 

Tail plane Up *1920. *69.6 2.32 
Elevator •• *478. * 17.6 .78 
Total — - *87.2 t-67 
Horizontal tail surface Moment about L.E.- 2120 "* 

Direction Cu.jn.of Total toad Pounds 
of action water in tbs. per sq.ft. 

Tail plane Up 1491. 54.1 t .80 
Elevator ••. 501. 18.3 .82 
Total - - 72.4 / .38 
Horizontal fait surface Moment about L.Es /950 “* 

StP Second 

‘VQ-j-C £ 

Direction 
of action 

Tail plane Up 
Elevator 
Total 

Cu.jn.of Total load Pounds 
water „ !bs. persqSff 

61.5 29 m 
'08.5 39 J8 

6.8 .13 
•OTU/ — _ q q _ 

Horizontal tail surface Moment about L E = 140 “• 

3 a? Second 

Tail plane Up +889. +32.2 1.07 
Elevator Down -359. -13.0 . 58 
total - - +19.2 .37 
Horizontal tail surfoce.Momenf about L.E = 334 “* 

Direction Cu.jn.of Total toad Pounds 
of action water in tbs per sq.ft. 

Tail plane Up +4960. +179.2 5.97 
Etevato<■ Down -342. -12.4 -.56 
Total - - +166-8 3.20 
Horizontal fait surface Moment about L.E. - 2250 "* 

Tailplane 
Elevator 
Total 

Up +4930.0 
+30.3 

+ 178.50 
+.// 

+178.61 

5.95 
05 

343 '°Ta' ~ - +178.61 343 
Horizontal tail surface Moment about LE = 3090 " 

Taitptane 
Elevator 
Total 

Direction 
of action 

Up 
Down 

Cu.jn.of 
water 

+ 1465. 
-156. 

Total load Pounds 
in lbs. persq.f 

+53. t 1.77 
-5.7 .26 

+47.4 .9/ — - +47.4 91 
Horizontal fait s ur face Moment about L Es 635 "# 

Direction Cu.jnpf Total load Pounds 
of action water in tbs. per sq.ft. 

Tail plane Up 802. +29.10 .97 
Elevator Down 95. -3.44 -.16 
Total - - +25.66 .49 
Horizontal tail surface Moment about L.Es 144 "* 

Tailplone 

Direction 
of action 

Up 

Cu.jnpf 
water 

+349. 

Totaltood Pounds 
in tbs. per sq.ft 

+ 12.6 .42 
Elevator Down -189. -6.8 .31 
Total — — +5.8 .11 
Horizontal tail surface Moment about LE ‘ 198"# 

Taitptane Up 
Elevator Down 

of action CuJ?"of Total toad Poun 
ot action water m lbs. pers 

+308. 
-227. 

+ 11.15 .37 
&22 .37 Total _ _ --- — 

Horizontal fait surface Moment about L.E.= 733 “# 

Fig. 23.—Showing the curves of pressure 

Direction Cu.jnpf Total toad Pounds 
of action water in tbs. per sq.ft. 

Taitptane Up +2360. +85.60 285 
Elevator .. +224. +8.1/ 37 
T°fal. — - 83.71 t .79 
Horizontal fait surface Moment about L.E * 1935.“* 

Elevator ■■ 387. +14.0 .63 
Total - - +/005 1.93 
Horizontal fait surface Moment about L.E.- 2 / 30.“* 

over the tail surface along the chord for each interval of time in a slow flattening out of a dive, 
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The load on the tail plane is nearly constant until 2.6 seconds, when it rises very rapidly 

to a maximum at 9.9 pounds per square foot; then it falls more slowly at the the seventh second, 

and after this slowly rises. 
The load on the whole tail surface, which is nearly a mean of the two preceding curves, 

starts to fall rapidly at 2.2 seconds, reaching a minimum of — 1.6 pounds per square foot at 2.6 

seconds, then rises rapidly to a maximum of 5.6 pounds per square foot at 3.5, then falls more 

slowly to 0.8 pound per square foot at the seventh second, and afterwards slowly rises. The 

most significant fact about this tail load is that except for the brief down load as the stick is 

pulled back, the load curve follows very closely the curve of normal acceleration. The reason 

for this will be more fully discussed later in the report. 

The center of pressure travel is quite irregular, moving off the trailing edge at 2.4 seconds. 

At the time of maximum load the center of pressure position is 20 per cent back of the leading 

edge. 
SLOW FLATTENING OUT OF A DIVE. 

The curves of pressure over the whole tail surface are not reproduced for this case, as they 

show nothing of interest. The curves of pressure plotted along the chord are shown in figure 23. 

It will be seen that the load is rather irregular and positive during the first and second seconds 

as the machine is nosed down to correct a slight bump in the air. At the third second, how¬ 

ever, the pressure begins to increase at the nose and decrease at the elevator, and at the fourth 

second the up load at the nose becomes very high. There is a considerable amount of down 

load at the hinge and a rather peculiar region of up load at the trailing edge of the elevator. 
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At the fifth second the distribution of pressure remains practically the same, but at the sixth 

second the load on the tail plane is considerably reduced and after this time the loading is quite 

normal everywhere. 

In figure 24 there are shown the complete performance curves of the airplane for this case. 

The elevator is moved slightly forward from zero to the first second and is there pulled slowly 

back, reaching a maximum at the fourth second. It is held here until the ninth second and then 

moved slowly forward. The air speed gradually decreases from 75 to 70 miles an hour at the 

fourth second, then quite rapidly to 22 miles per hour at the seventh second. The acceleration 

reaches a maximum of about 2.1 g at the same time that the stick reaches its most rearward 

position, and the peak is much broader than for the quick pulling out of a dive. 

The tail-plane load decreases with acceleration to nearly zero at the second second and then 

rises rather sharply to a maximum of 7 pounds per square foot at 4| seconds, after which it 

falls to a normal value. The elevator load decreases slowly to a minimum at 3£ seconds and their 

ranges about zero for the rest of the run. The load on the whole tail plane reaches a maximum 

of 4.2 pounds per square foot at the same time that the acceleration is a maximum and then 

falls off rather rapidly to a normal value. It should be noted that in this case the load on the 

tail plane is never negative. 

SLOW FLATTENING OUT OF A DIVE AND TURN. 

As this maneuver was so similar to the last, only the complete performance curves are given 

in figure 25. The curves are very similar to those of the last case, with the exception that the 

loads are slightly smaller. The center of pressure remains about 25 per cent back on the chord 

most of the time. The results show that banking into a turn at the same time as flattening out 

of a dive imposes no greater stress upon the machine than simply flattening out at the same 

speed. ' 
TAIL SPIN. 

In figure 26 are shown some of the pressure curves on the tail plane during this maneuver. 

The most interesting thing shown by these curves is the marked unsymmetrical loading which 

occurs on the elevator, due to the effect of the fin and rudder. In figure 27 are plotted the 

corresponding curves for the integrated load along the chord. Throughout the spin itself there 

is a high peak of pressure near the leading edge and a smaller region of up load at the hinge, but 

the load at the trailing edge of the elevator is very small. 

In figure 28 are plotted the complete performance curves for this maneuver. The record 

begins just as the rudder and aileron are thrown over, but before the machine has responded to 

them. The air speed at the start is 39 miles per hour and does not begin to increase for 3 seconds 

because of the sluggish action of the controls under these conditions. The air speed increases 

from the third to the seventh second rather slowly to 80 miles an hour, which is maintained 

throughout the spin. In pulling out after the spin, however, the speed increases to a maximum 
of 100 miles per hour. 

The acceleration increases with the air speed and remains nearly constant during the spin at 

2.5 g except for a slight oscillation which is evident in all tail spins with this type of machine. 

As the stick is nosed forward at the thirteenth second to bring the machine out of the spin the 

acceleration drops considerably, but increases again to a maximum of 3 g. as the machine is 

flattened out from the resulting dive. The control positions are all nearly constant throughout 

the maneuver; that is, the stick is pulled back, and the aileron and rudder are both held to the 

right. Coming out of the spin the stick is pushed forward, the rudder centralized, and the 

aileron reversed, then all controls are brought back to neutral. 

The load on the tail plane starts to increase at about the fourth second to a maximum of 7 

pounds per square foot during the spin. The elevator load, however, increases very slowly 

during the maneuver, reaching the high value of 3.1 pounds per square foot as the machine is 

pulled out of the dive at the end of the maneuver. The total load on the tail surface increases 

to about 4 pounds per square foot during the spin itself, but when flattening out of the dive at 
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Time = SndSecond 3rdSecond 4th Second 

\ / 

_ __ .^s - -c- ■ s 

5th Second 

8(7 Second !Bih Second 15(7 Second 

/6th Second 17 th Second !8fh Second 

Fig. 26. Showing the curves of pressure over the entire tail surface for each interval of time in a tail spin 
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Time = 8 eft Second 

$ 
Direction Cu.Jn.pf Total toad Pounds 
of action water in tbs. per sq.ft. 

Tail plane Up +1170.0 +42.40 1.41 
Elevator Down -132.2 -4.73 .22 
Total — — -1-37.61 .72 
Horizontal tail surface Moment about L.E.= 33/ "* 

3eft Second 

Direction Cu.,in.,of Total bad Pounds 
of action water in lbs. per sq.ft. 

Tail plane Up +1278.00 +46.40 *1.54 
Elevator Down -135-00 -4.89 -.22 
Total - — *41.51 *.80 
Horizontal tail surface Moment about L.Er458 "* 

Direction Cu.inpf Total load Pounds 
of action water in tbs. per sq.ft 

Tail plane Up +2622. *95.00 +3.16 
Elevator Down -335. -I2.J0 ~.S5 
Total - - +82.90 *1.59 
Horizontal fail surface Moment about L.E. = 746 "* 

8ft Second 

Direction Cu.inpf Total load Pounds 
of action water in lbs. per sq.ft. 

Tail plane Up +5500. 199.00 6.64 
Elevator » +262. 9.47 .43 
Total - - 208.4 7 3.99 
Horiz on fa! tail surface Moment about L.Er 34 / 0"* 

Direction Cu.Jn.pf Total toad Pounds 
of action water in lbs. per sq.ft. 

Tail plane Up 4060.00 147.00 4.90 
Elevator Down 88.30 3.19 34 
Total - - 150.19 2.88 
Horizontal tail surface Moment about L.E. - 210 "* 

Direction Cu.Jn.pf Total toad Pounds 
af act/on water in tbs. per sq.ft 

Tail plane Up 5780. 209.5 6 99 
Elevator „ 552. Z9.9 .90 
T°t3 - - 229.4 4.39 
Horizontal tail surface Moment about L.En4020“* 

Direction Cu.Jn.pf Total load Pounds 
of action water in lbs. per sq.ft 

Tail plane Up 5320. +192.0 6.40' 
Elevator u 3/5. +11.4 52 
Total - - +203.4 3.90 
Horizontal tail surface Moment about L.E>3579"* 

Elevator » 872 +31.5 / .42 
Total - ~ +189.6 3.63 
Horizontal tail surface Moment about L.E•4375 "* 

!6ft Second 

Direction Cu.Jn.pf Total load Pounds 
of action water in tbs. per sq.ft. 

Tail plane Up +5660. 22/ 00 6 83 
Elevator „ +876. 31.62 1.42 

T°fa/. ~ ~ 252.62 4.85 
Horizontal tail surface Moment about L.E.=5460" 4 

Direction Cu.Jn.pf Total toad Pounds 
of action water in lbs. per sq.ft. 

Tail plane Up 6/60. +223.0 7.42 
E/evator n 1910. + 692 3.11 
Total - - 292.2 5.6/ 
Horizontal fail surface Moment about L.E. • 7420"4 

Direction Cu.Jn.pf Total load Pounds 
of action water in lbs. per sq.ft. 

Tail plane Up +3720. +134.1 4.50 
Elevator » +1545. +559 2.52 
Total - - +190.6 366 
Horizontal tail surface Moment about L.E- 5590" 4 

Fig. 27. Showing the curves of pressure over the tail surface along the chord for each interval of time in a tail-spin. 
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the end reaches the high value of 6.6 pounds per square foot, corresponding in time to the 

maximum acceleration. 
The results from this case show that the loading in the spin itself is not so great as in flatten¬ 

ing out quickly from an 80 mile an hour dive, but that in recovering from the spin the tail load 

may reach a value somewhat higher than from the former case, although this load is entirely 

dependent on the way the pilot handles the controls. 

STRESSES DUE TO TAIL-PLANE LOAD. 

PRESENT METHOD OF COMPUTING TAIL-PLANE LOAD. 

It has been usually assumed hitherto that the horizontal tail surfaces received the greatest 

load when flattening out of a dive and that this load acted downward. The method of com¬ 

puting this load consisted in assuming that the tail surface reaches its maximum lift coefficient 

at the time the machine was traveling at its diving speed. The conclusions reached from this 

method of computing the tail load show that the loading amounts to as much as 40 to 50 pounds 

per square foot when flattening out of a steep dive. 

For example, let us assume that at a given instant the elevator is pulled back 20° and the 

airplane is diving at 80 miles per hour. Referring to the model tests in N. A. C. A. Report 

No. 119 we find that the average down loading under these conditions would be 5 pounds per 

square foot, whereas the actual loading found in this test was only 1.4 pounds per square foot. 
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On this assumption designers have constructed the fuselage and tail surfaces of sufficient 

strength to withstand the down load as computed from model tests. Some results are given 

below on the strength of tail surfaces from sand-load tests on a few well-known airplanes.5 

Type. 

Breaking load in pounds 
per square foot. 

Tail plane. Elevator. 

Vought VE-7. 40 40 
Thomas Morse MU-3. 79 53 

JN4. 75 58 

Fokker D-7.- - - - 69 46 

A MORE EXACT METHOD OF COMPUTING TAIL SURFACE LOADS. 

As experimental evidence from the present tests shows that the maximum load in flatten¬ 

ing out of a dive is actually in the opposite direction from the load computed by the model test 

method, it is evident that an entirely new method of computing the load must be used. In 

flattening out of a dive the load on the tail is due primarily to three factors: First, the wing 

pitching ^moment; second, the wing damping moment; and, third, the rotary inertia forces. 

Wind tunnel tests have shown that the second quantity is small, so that we may confine our 

attention to the first and the last. 

ma 

Fig. 30.—Center of pressure travel on wings. 

In figure 29 is represented the side view of an airplane with the forces acting upon it. It 

is evident from this that the total load on the tail is given by the following equation: 

Where m is the mass of the plane in slugs, a the acceleration in feet per second acting normal to 

the wings, d the distance in feet between the center of pressure of the wings and the center of 

gravity, / the distance in feet between the center of gravity and the leading edge of the tail 

surface, s the distance in feet from the leading edge of the tail surface to the center of pressure 

of the tail surface, KB the radius of gyration, in feet, and a the angular acceleration in radians 

per second. 

In order to try out the validity of this formula there has been computed in the table below 

the values of the tail load when flattening suddenly out of an 80 miles per hour dive. The 

values of the accelerations were taken from the first case in this report, and the center of pressure 

position from the speed and acceleration as well as from the curves given in Report No. 118 

and the results of a model test shown in figure 30. The position of the center of pressure at 

high angles of attack is, of course, only approximate. The angular acceleration unfortunately 

could not be obtained on the same set of records as the other quantities, so that this was taken 

on a separate flight in a similar maneuver, so that its precision is not great, although care was 

taken to synchronize the two records as closely as possible. The radius of gyration of the 

machine was found in the usual way by swinging it as a pendulum. The damping moment 

6 Structural Analysis and Design of Airplanes. Eng. Div., U. S. Air Service. 
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due to the wings and body was also computed for a coefficient u = 0.000076 and is tabulated in 
order to show that the term can be neglected in the equation. 

Time. Air 
speed. a/g. 

Angle 
of at¬ 

tack of 
w ings. 

d. a. f+s. 

Damp¬ 
ing mo¬ 
ment 
due to 
wings 
and 

body. 

Mad. —MK2 a. 

P/A cal- 
| culated 
from for- 

; mula. 

P/A ob¬ 
served. 

1 
2 
2.5 
2.7 
3 
3.5 
4 
5 
6 
7 
8 
9 

75 
78 
79 
79 
80 
71 
57 
37 
25 
30 
40 
71 

0.85 
.95 

1.75 
2.1 
2.65 
3.25 
1.75 

„ -90 
.65 
.50 
.75 

1.25 

1.9 
1.9 
6.0 
8.0 

11 
20+ 
13.5 
20+ 
20+ 
12.5 
9.8 
4.4 

-0.24 
-.24 
-.59 
-.69 
-.82 
-.45 
-.89 
-.45 
-.45 
-.87 
-.77 
-.48 

0.06 
.06 
.80 

1.4 
.60 
.40 

-.48 
-.26 

.24 

.25 

.21 
-.16 

13.6 
15.0 
18.5 
13.6 
14.5 
15.0 
15.5 
14.0 
16.0 
16.0 
16.0 
15.5 

-0 
-5 

-29 

-152 
-155 
-76 
-18 
-8 

-3! 
-54 
-83 : 

480 
430 

2.400 
3.400 
5,100 
3.400 
3,700 

990 
680 

1,000 
1,300 
1.400 

-160 
-160 

-2,100 
-3,700 
-1,500 
+1,000 
+ 1,200 

+ 680 
-630 
-650 
-550 
+420 

0.45 
.35 
.31 

-.43 
4.8 
5.6 
6.1 
2.3 
.06 
.42 

1.0 
1.2 

0.10 
.50 

-1.45 
-.30 
2.90 
5.60 
4. 00 
.90 
.75 
.75 

1.35 
2.15 

M=73 slugs. 
KB=6.05 feet. 
1=13.6 feet. 
Area stabilizer=52 square feet. 
Center of gravity eoefficient=46.6 per cent mean chord. 

Fig. 31.—Loading on JN4H horizontal tail surfaces for 

C. G. 46.6 per cent mean chord. 

The computed and observed values for this case of flattening out of a dive are plotted in 

gure dl. it will be seen that the two curves show a remarkable similarity in shape, and the 

only discrepancy is that the observed maximum loading comes sooner than the computed 

maximum, due probably to the fact that the two maneuvers from which the data were taken 

were not just alike. The computed values, however, come within 2 pounds per square foot of 

he observed values at all points, and considering the approximate values used in the compu- 

a ion it seems certain that the method can be depended upon to give the tail load accurately. 

EFFECT OF THE CENTER OF GRAVITY POSITION ON THE TAIL LOAD. 

f mterestmg to notice the effect that the position of the center of gravity has upon the 

ail load. Using the same method of computation as before, the load on the tail when flattening 

n q/f °UA an 80-mile dlve is plotted m figure 32 for a center of gravity coefficient at 0.38 
and 0.30. As the center of gravity is moved farther forward the load on the tail becomes more 

an more nega ive, as would be expected. In order to obtain the minimum stress on the tail 

4 Report No. 17,N.A.C. A. 
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and fueslage the center of gravity position should be so selected that the maximum up loads 

and dpwn loads are equal, and this would evidently occur with a center of gravity coefficient 

of approximately 0.38, which for various other reasons gives a very desirable position for the 

center of gravity. 
RECOMMENDATIONS FOR SAND-LOAD TESTS. 

It is evident from these results that with the proper selection of the center of gravity 

position a unit loading of 1 pound per square foot on the tail surface is sufficient, which would 

mean a maximum strength of 6 or 8 pounds per square foot on most airplanes. It should be 

remembered, however, that some of these figures are considerably exterpolated, although there 

is every reason to believe that they are substantially correct. 

In building tail surfaces as lightly as these figures would indicate, great care should be 

taken, however, to insure proper stiffness, as it seems quite certain that all tail-surface failures 

—-——c- 

Fig. 33.—Method of sand loading tail surface. 

are due to unstable vibrations set up in the structural members. On the whole, it is felt that 

tail surfaces should stand up to the following sand-load tests: 

(1) When the center of gravity coefficient is 0.38, use a unit load of +2 pounds per 

square foot. 
(2) When the center of gravity is back of 0.38, add +0.1 pound per square foot to 

the unit loading of +2 pounds per square foot for each 0.01 increase in the 

coefficient. 

(3) When the center of gravity is forward of 0.38, add —0.1 pound square foot to the 

unit loading of —2 pounds square foot for each 0.01 decrease in the coefficient. 

(4) The load should be distributed along the chord as shown in Figure 33. 

(A positive load is acting upwards as on the wings.) 

RECOMMENDATIONS FOR FURTHER RESEARCH. 

If further work in carried out to determine the tail-surface loads in accelerated flight it 

should be along these lines: First, a repetition of the same work done on the JN4h, on a specially 

built plane at a velocity near the terminal diving speed; second, a series of tests on a single 

machine with various positions of the center of gravity; and, third, pressure distribution over 

the wings for a more accurate determination of the center of pressure on the wings. The first 

test will give loads much greater than is possible or safe on the JN4h, and will be valuable as a 

check on the general conclusions deduced from the results on one machine. The second test 

will be valuable in finding closely the center of gravity position for a minimum tail load and to 
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check up the conclusions arrived at in this report. The third test will make it possible to cal¬ 

culate the tail loads much more accurately than at present. 

As to the instruments, there are no changes desirable except the inclusion of the angular 

velocity recorder with the other instruments. On the whole, the instruments functioned very 

successfully. Their reliability is especially important, as the failure of any one of them invali¬ 
dates the whole test. 

CONCLUSIONS. 

The results of these tests show that tail loads can not be computed from model tests. This 

is due to the fact that the airplane begins to rotate as soon as the elevator begins to be pulled 

up, thus relieving the load before it can build up. The tail load necessary to produce an angular 

acceleration is small compared with that necessary to balance the pitching moment of the 
wings. 

The method of calculation based on the wing pitching moments and the angular accelera¬ 

tion gives the tail loads closely in any maneuver where the speed, normal and angular accelera¬ 

tion, and center of gravity position are approximately known. 

It seems evident from these tests that the strength of fuselage and tail surfaces on the present 

machines is excessive, and that a considerable saving in weight can be made. 



FIG. 1.—A SECTION OF RUDDER BEFORE COVERING. 
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REPORT No. 149 

PRESSURE DISTRIBUTION OVER THE RUDDER AND FIN OF AN AIR¬ 
PLANE IN FLIGHT. 

By F. H. Norton and W. G. Brown. 

SUMMARY. 

This investigation was carried out by the National Advisory Committee for Aeronautics 

at the Langley Memorial Aeronautical Laboratory for the purpose of determining the loads 

which occur on the vertical tail surfaces in flight. The method consisted in measuring the 

pressures simultaneously at 28 points on the rudder and fin by means of a recording multiple 

manometer. The results show that the maximum load encountered in stunting was 7 pounds 

per square foot on the rudder and fin, and it is probable that this might rise to 10 pounds per 

square foot in a violent barrel roll; but in steady flight the average loads do not exceed 0.6 

pound per square foot. The maximum load on the rudder and fin may occur at the same 

instant as the maximum load on the horizontal tail surfaces and the maximum normal acceler¬ 

ation. The torsional moment about the axis of the fuselage due to the rudder and fin may 

rise as high as 250 foot-pounds. The results obtained from this investigation have a direct 
application to the design of the rudder, fin, and fuselage. 

INTRODUCTION. 

At present there are apparently no data available on the loads that may be experienced 

by the rudder and fin in flight. The design of these parts has been based partly on wind- 

tunnel tests and partly on actual experience, but what the actual magnitude and distribution 

of load is during various maneuvers has not been even 

approximately known. It has been the usual practice in 

airplane design to require the rudder and fin to withstand 

15 to 25 pounds per square foot, or somewhat less than 

for the horizontal tail surfaces, although many actual 
structures have twice this strength. 

In order to obtain exact information as to the character 

of rudder and fin loads, a standard rudder and fin on a 

jN4h was fitted up for measuring the pressure distribution. 

The airplane was then flown under several conditions of steady flight and through such maneuvers 

as were thought to impose the greatest stresses, while continuous records were being made of 

the various pressures, the control position, the air speed, and the normal acceleration. 

METHODS AND APPARATUS. 

The apparatus used in this investigation consisted of a multiple manometer for recording 

simultaneously 30 pressures, a control position recorder for the three controls, a recording air 

speed meter, and a recording accelerometer. These instruments are the same as were used to 

obtain the results in Report No. 148, where a full description of them is given. As the rudder 

and fin were quite thin, it was necessary to employ a somewhat different method of construct¬ 

ing the pressure holes than had been used previously. This method1 is clearly shown in 

Figures 1 and 2, and proved to be highly satisfactory as it gave a smooth sharp hole on the 

surface with no possibility of leaks. The form of the rudder and fin with the location of the 
holes is shown in Figure 3. 

Fig. 2.—Section showing method of applying pressure 

holes in rudder. 

i Flossendruckmessungen, Technische Berichte, Oct. 15,1915. 
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The methods of testing were exactly the same as those described in Report No. 148 and 

consisted in flying the machine through the various maneuvers while simultaneous records were 

being taken on all of the instruments. Zero points were taken at the beginning and end of 

each&record and the air-speed meter was calibrated on each flight. All of these flights were 

made at such an altitude that the air density was 0.9 of standard, but neither the air speed 

oor the pressures are corrected for density. 
The scope of the tests consists of the following runs: 

l Several steady flights at various air and motor speeds. The loads experienced in uni¬ 

form flight were so small, however, that the results are not given here. 

2. A steeply banked left turn at 75 miles an hour. 

3. A barrel roll to the right. Unfortunately this roll was commenced at too low an air 

speed, as can be seen from the records, so that the rudder load is probably considerably smaller 

than normal with a roll on this type of airplane. 

4. A tail spin of two and one-half turns to the right. 

The pressures which are worked up in the same way as for Report No. 148 are first plotted 

along sections parallel with the X axis of the airplane. The areas of these curves are then 

Fig. 3.—Elevation of fin and rudder showing location of ho es. 

plotted along a vertical base line, the area under this resulting curve giving the total load on 

the rudder and fin. This method was adopted as it was thought that the vertical position of 

the center of pressure was of more importance than the horizontal position, although the latter 

can be found from the curves included if any one wishes to carry through the integration. As 

the area of the fin was small it was not separated from the rudder in any of these cases. 

The discussion of precision given in Report No. 148 applies equally to this investigation, 

although as the spacing of the pressure holes was closer in this test the errors due to misdraw- 

ing the curves will be considerably smaller. Altogether the load on the rudder and fin should 

be precise to 0.3 pound per square foot. 

RESULTS OF TESTS. 

LEFT TURN. 

In Figure 4 there are shown the pressures over the entire surface of the rudder and fin for 

various intervals of time during the turn. The main features of interest are the high peaks 

of pressure at the leading edge of the fin and somewhat back of the rudder hinge. The maxi¬ 

mum local load indicated is approximately 21 pounds per square foot. 



PRESSURE DISTRIBUTION OVER RUDDER AND FIN OF AIRPLANE IN FLIGHT. 443 

Time - 0.0 Second / si Second dad Second 

3 cd Second 4— Second 
S th Second 

6— Second 71h Second 8 th Second 

3 th Second 10 th Second 

Fig. 4,—Showing the curves of pressures over the entire surface of the rudder and fin for various intervals of time during a left turn. 



444 REPORT’ NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS. 

In Figure 5 there are shown curves from all of the instruments plotted against a time 

scale, together with the total load on the rudder and fin and the vertical position of the center 

of pressure. At the beginning of the turn, left rudder and aileron are given simultaneously 

and a little later the elevator is pulled up, while in coming out of the turn extreme right rudder 

is given. The load on the surfaces follows very closely the angle of the rudder; the load first 

reaching a negative value of about 4 pounds per square foot, and coming out of the turn a posi¬ 

tive value of about 6 pounds per square foot. It is interesting to notice that the vertical posi¬ 

tion of the center of pressure remains at all times at nearly the same height as the center of 

gravity of the area of the rudder and fin. 

BARREL ROLL. 

In Figure 6 are shown the curves of pressure over the rudder and fin for various intervals 

of time, and as is the case with the previous runs a high peak is shown at the leading edge of 
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Fig. 5.—Left turn. 

the fin and immediately behind the rudder hinge. It is interesting to compare this distribu¬ 

tion of pressure with that on the horizontal surfaces as shown in Report No. 118, where the 

positions of the pressure peaks occur in similar positions. 

In Figure 7 are given the records of the various instruments plotted against time, except¬ 

ing that the position of the elevator and aileron were not obtained in this run. The air speed 

was too low at the beginning of this maneuver to carry through a smooth roll with this type 

of machine, therefore the first peak in the acceleration curve is unusually low and it would be 

expected that the maximum rudder load of 6.5 pounds per square foot might reach as high 

as 10 pounds if the roll was commenced at the usual speed of 100 miles an hour. The center 

of pressure in a vertical plane oscillates about considerably, but where the load on the rudder 

is great it lies close to the center of gravity of the rudder and fin area. 
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Time =0.0 Second / 5/ Second dQd Second 

3rd Second 4th Second S th Second 

7 th Second 
Sid Second II th Second 

12Second 
13 th Second /4 th Second 

Fig. 6.—Showing the curves of pressures over the entire surface of the rudder and fin for various intervals of time during a barrel roll. 
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TAIL SPIN. 

In Figure 8 are shown the curves of pressure over the rudder and fin for a tail spin and as 

in the previous cases the highest loads occur at the leading edge and immediately behind the 

hinge. The total load on the rudder is shown in Figure 9, together with the records from the 

other instruments. During the spin itself the load on the rudder and fin amounts to only 3.5 

pounds per square foot, but in pulling out of the spin the load rises to about 6.5 pounds per 

Fig. 7.—Ro.l to right. 

square foot. The vertical position of the center of pressure lies throughout very close to the 

vertical position of the center of gravity of the area. 

CONCLUSIONS. 

The results obtained from this investigation will enable designers to know much more 

closely than hitherto the nature and magnitude of the loads acting on the rudder and fin of an 

airplane. Contrary to our previous beliefs, the loading on the vertical surfaces is generally 

greater than on the horizontal ones. 

It is recommended that in sand-load tests a unit load of 2 pounds per square foot be used, 

this unit being multiplied by the designed load factor of the wings to give the maximum load 

on the rudder and fin. The center of gravity of the load may be taken vertically at the same 

level as the center of gravity of the area, while the fore and aft distribution should be as shown 

in Figure 10. Care should be taken in all designs to make the leading edge of the fin stiff, 

as it is believed that nearly all tail surface failures are due to vibration. 

The operation of all of the instruments in this test were satisfactory and, except for a few 

detailed changes for increased convenience, no alterations are considered necessary. The 

method of applying pressure holes is satisfactory and will be used in future tests. When 

urther wor k of this nature is carried out it is believed that it will be desirable to make similar 

tests on rudders and fins of different shapes and on airplanes of much higher speed. 
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Time =0.0 Second /sf Second 
Sad Second 

3rd Second 4 th Second 6 th Second 

8 th Second !0 — Second t£th Second 

13 th Second 14 th Second IS th Second 

Fiq. 8.—Showing the curves of pressures over the entire surface of the rudder and fin for various intervals of time during a tail spin. 
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Fig. 9.—Tail spin to right. 

Fig. 10.—Distribution of load in a sand test. 
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REPORT No. 150. 

PRESSURE DISTRIBUTION OVER THICK AIRFOILS— 
MODEL TESTS. 

By F. H. Norton, and D. L. Bacon. 

SUMMARY. 

This investigation was undertaken by the National Advisory Committee for Aeronautics at 
the request of the Bureau of Construction and Repair of the Navy in order to study the dis¬ 
tribution of loading over thick wings of various types. The loading on the wing was determined 
by taking the pressure at a number of holes on both the upper and lower surfaces of a model 
wing in the wind tunnel. The results from these tests show, first, that the distribution of pressure 
over a thick wing of uniform section is very little different from that over a thin wing; second, 
that wings tapering either in chord or thickness have the lateral center of pressure, as would 
be expected, slightly nearer the center of the wings; and, third, that wings tapering in plan form 
and with a section everywhere proportional to the center section may be considered to have a 
loading at any point which is proportional to the chord when compared to a wing with a similar 
constant section. These tests confirm the belief that wings tapering both in thickness and plan 
form are of considerable structural value because the lateral center of pressure is thereby moved 
toward the center of the span. 

INTRODUCTION. 

There have been previously made a considerable number of pressure distribution tests on 
airfoils. As far as it is known, however, there have been no tests made upon wings of great 
thickness nor on wings of varying section. As the value of the cantilever wing is being more 
and more realized in modern machines, it has been found that the designers require more data 
than has previously been available on the loading along the ribs and along the spars of wings 
of this character. 

In order to obtain data that could be used for any type of cantilever wing, the following set 
of 12 airfoils have been tested: 

1. Airfoils of constant section and flat bottom but with varying height of upper camber. 
2. Airfoils of constant section and constant height of upper camber but with varying lower 

camber. 
3. Sections thinned at the tip and having various degrees of lower cambers. 
4. Wings with flat bottoms and proportional sections but tapering in plan form. 

Below are given the more important references to pressure distribution over airfoils: 

Pressure distribution on the wings of a biplane of R. A. F. 15 section with raked tips—R. 
and M. No. 353, British Advisory Committee. 

Distribution of pressure on the upper and lower wings of a biplane—R. and M. No. 355, 
British Advisory Committee. 

Pressure distribution on model F. E. 9 wings—R. and M. No. 347, British Advisory Com¬ 
mittee. 

Investigation of the distribution of pressure over the center surface of an airfoil—R. and 
M. No. 73, British Advisory Committee. 

La Resistance De L’Air et L’Aviation—G. Eiffel. 

451 
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Nouvelles Recherches sur la Resistance De L’Air et Aviation, G. Eiffel. 

Essais D’Aerodynamique, troisieme serie, Armand de Gramont, due de Guiche. 

Etude des Pressious dynamiques sur les elements dune surface lamellaire—M. G. Lepere. 

Bulletin L’Institute Aerotechnique de L’Universite de Paris. 

Essai D’Aerodynamique du plan, Armand de Gramont. 

Essai D’Aerodynamique—Deuxieme serie Armand de Gramont. 

APPARATUS AND METHODS. 

As the expense of constructing metal airfoils with air passages in them in the usual way 

(N. A. C. A. report No. 74) was exceedingly great, especially with wings tapering in section or 

plan form, it was found necessary to devise a new method of constructing airfoils for pressure 

distribution in order to obtain a sufficient number of models with the allotted funds. After 

some experimenting it is found that models could be constructed of maple slightly under the 

required dimensions, with air passages grooved in the lower surface and pressure holes bored 

through the wings into these passages. A thin, hard paper was glued over the entire surface of 

the wing and given several coats of shellac, sealing the passages and bringing the model to the 

desired thickness. A section through a wing of this type is shown in Figure 1. This method 

gave a very smooth and satisfactory accurate model. 

The pressure holes on these wings were spaced as shown in Figure 2, using enough air pas¬ 

sages to determine simultaneously the pressure on a set of holes along each chord on either the 

upper or lower surface. In making the test the holes on the outer row (either upper or lower) 

were pierced through the paper with a large needle, 

leaving a very clean hole with sharp edges. After 

the pressures had been taken along this row of 

holes for every angle of attack a thin sheet of paper 

was sealed tightly over the row with hot wax. 

The corresponding holes on the other surface were 

then pierced and the process repeated until the 

whole wing was tested. This method proved so expeditious that a wing could be completely 

tested at 45 points and for six angles of attack in one day by two men, including the preliminary 
plotting. 

The method of supporting the model and of taking off ah leads to the manometer is shown 

in Figure 3. The head of a goosenecked spindle is screwed to the wing some distance from the 

center section and away from that end of the wing where the pressures are measured. The 

spindle is held in the chuck of an N. P. L. type balance and the angle of attack is adjusted by 

turning the balance head. Connection to the manometer is obtained by driving a set of tapered 

nipples into holes in the upper surface of the model, communicating with extensions of the air 

passages. Small rubber tubes slipped over these nipples communicate with the individual 
glass tubes of the multiple manometer. 

Several tests intended to discover any interference between the spindle and air tubes and 

the nearest row of pressure orifices gave negative results and it is assumed that interference 
effects may be neglected. 

1 he pressures from the wing were led through tubes to an inclined multiple manometer 1 

for simultaneous readings of all the pressures (9) on one row. The reservoir of this manometer 

was connected to a static pressure head in the same section of the tunnel as the model. The 

pressures obtained were plotted directly as they were read from the gauge on the curve sheets, 

which saved a large amount of time in writing down figures and in replotting at a subsequent 

time. The areas between the curves for the upper and lower surfaces were planimetered, thus 

giving the normal force on the wings at that particular section. These areas were then plotted 

as ordinates along the span of the wing and the resulting curve gave the loading along the span. 

Lhe area under this curve would represent the total load on the wing and the moment of this 

1 For description see N. A. C. A. technical note No. 3(5. 

Hole connecling with upper surface 

Fig, 1.—Section of wing. 
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area about the center line of the wing corresponds to the bending moment at the root of the 

spars. The lateral position of the center of pressure on a half wing is determined by the quo- 

, moment of area. 
tient- 

area. 
THE SCOPE OF THE TESTS. 

The first series of wings tested were of a constant section along the span 76.2 X 457 mm. 

(3 X 18 inches) and all had flat bottoms, the only difference between them being the height of 

the upper camber. The lift and drag coefficients for all of the wings tested in this report are 

given in National Advisory Committee for Aeronautics Report No. 152. It should be noted 

that all of the wings tested in this report have sections proportional to a master section for the 

upper surface and have either a flat lower surface or one proportional to a master lower camber. 

The second series consisted of wings with a concave or a convex lower camber but with the 

master section for the upper surface. The third series consisted of wings having the upper 

surface at the center the same as the master section but thinned towards the tips. The lower 

cambers were concave, flat, and convex. The fourth series consisted in wings having sections 

18.00 m. 

everywhere proportional to the master section and a mean aspect ratio of six, but tapering in 

plan form. 

All of these wings were run at an air speed of 17.9 meters per second (40 miles per hour, 

58.7 feet per second) but in most cases the wing was re-run either completely or in part at 26.8 

meters per second (60 miles per hour, 88.0 feet per second) to see if any change in air flow was 

introduced by the higher speed. In the case of the thicker wings considerable difference was 

found between the two air speeds, especially around the angle of maximum lift, so that this 

feature was thought of enough interest to justify the plotting of the distribution of pressure for 

one of these wings (No. 68) at both speeds. 

PRECISION. 

The finished models were practically everywhere within 0.125 mm. of the given dimensions. 

Due to a slight warping of the tips of the thinned wings an extreme error of as much as 0.250 mm. 

or 0.375 mm. was introduced in some cases by this cause. 

The accuracy of the pressure readings was limited by the fluctuations in air speed of the 

tunnel, but except around the angle of maximum lift the readings could be checked to within 

2 per cent. The points on the pressure curves were carefully put in with a prick point and 

the curves have been drawn exactly through them in every case, but for the sake of clearness 

the points have been omitted in the figures. 
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The areas under the curve were planimetered with an accuracy of better than 1 per cent. 

An error somewhat larger than this was introduced, however, because of the incorrect drawing 

of the curve between the given point, especially where the pressure gradient is steep at the 

leading edge of the wing. In order to show the agreement between the normal force on the 

wing obtained by the integration of the pressures and that obtained by a force test of the 

same wing, using the wire balance, two curves are shown in Figure 4, and the agreement 

between them is considered to be quite satisfactory. 

RESULTS. 

As the loading on the wings is quite evident from the pressure curves (Figs. 9-35) included 

in this report, it is thought unnecessary to discuss the characteristics of the pressure at great 

length, so that only the more important points will be touched on.' It should be noted, how¬ 

ever, that the pressure curves plotted along the rib give valuable information as to the theory 

of design of thick wing sections and indicate more 

or less completely the reason for efficiency or 

inefficiency with any particular type of section. 

There is no distinguishing difference between 

the form of the pressure curve either along the 

chord or along the span as the thickness of the 

wing is increased with sections No. 69, No. 66, 

No. 64, and No. 68. For a given angle of attack, 

however, the thicker wings have a greater lift. 

The phenomenon of burbling is shown up 

very clearly on most of these sections. It will 

be noted that as the angle of attack of the wing 

is increased the load on the wing increases up to 

a certain angle, at which point a certain section 

of the wing lying midway between tip and center 

begins to show a decrease in lift, while that at the 

center of the wing and the tips is still increasing. 

If the angle of attack is still further increased, 

the load at the tips still increases, but at the 

foregoing section and now also at the center of 

the wing it begins to decrease rapidly, with a 

consequence that the lateral center of pressure 

on the half wing moves rapidly outward. This 

outward movement of the center of pressure may 

amount to as much as 10 per cent of the semispan. 

It has long been recognized from force tests on airfoils that the region just beyond the 

point of maximum lift is very sensitive to changes in speed of test, and the reason for this is 

clearly brought out on wing No. 68, which is shown tested at 17.9 meters per second (58.7 

feet per second) and again at 26.8 meters per second (87.9 feet per second). At the lower 

speed it is seen that the lift at the center of the wing begins to fall off rapidly beyond about 

15°, whereas at the higher speed the lift keeps on increasing up to 20°, thus reaching a much 

higher total value. Below the burble point speed has no appreciable effect upon the pressure 
curve. 

The effect of the speed of test on the distribution of load can perhaps be most clearly 

seen by turning to Figures 5, 6, and 7, which are photographs of two plaster models so con¬ 

structed that the elevation of every point of the surface is proportional to the pressure coefficient 

on the corresponding point of the wing. Only one-half a wing is shown, with the center in 

the foreground. For the second model the test was run at 20° angle of attack and at 17.9 meters 

per second (58.7 feet per second), and it will be noticed that the load at the tip is considerably 

higher than at the center of wing, due to burbling. For the third model the conditions were 

Fig. 4—Normal pressure coefficient from integrated pressure and 
from force tests. 
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exactly the same, excepting that the test was run at 26.8 meters per second (87.9 feet per 
second). 

It will be noticed that an entire change in distribution has occurred, both along the ribs 

and along the spars. The frequent occurrence of such changes, always taking place near the 

angle of maximum lift, but not necessarily accompanied by any loss in lift, and caused merely 

by an increase in scale of test from VL=1.36-to VL = 2.05-> gives rise to the question 

whether the results obtained at or near the angle of maximum lift are of any value in the 

prediction of full-flight phenomena occurring at a scale from twenty-five to two hundred times 

as great. No apparatus was available to carry on laboratory tests at higher scale values than 
TO? 

VL = 2.05ge— in order to investigate this possibility, but full flights about to be carried out 

will throw some light on this subject. 

Wing No. 68 was run at angles of attack up to 90° in order to find out what the distribution 

of pressure was at these angles. Such high angles might be thought to be of little use in prac- 

Fig. 5.—Pressure distribution over one-half 
of wing 68 at 15° angle of attack and at 17.9 
m. p. s. (40 m. p. h.) (58.7 ft. p. s.). 

The center of the wing (center of span) 
s in the foreground- 

Fig. 6.—Pressure distribution over one-half 
of wing 68 at 20° angle of attack and at 17.9 
m. p. s. (40 m. p. h.) (58.7 ft. p. s.). 

The wing has now burbled, the lift de¬ 
creasing markedly at the center. 

Fig. 7.—Pressure distribution over one-half of 
wing 68 at 20° angle of attack and at 26.8 m. p. 
s. (60 m. p. h.) (87.9 ft. p. s.). 

At this increased velocity the wing has not 
burbled and the lift coefficient is seen to be 
high. 

tical aeronautics, but experiments that have been made on full-sized machines show that in a 

loop the angle of attack may rise to about 30°, while in a spin it commonly rises to over 60°. 

As the angle of attack approaches 90° the pressure on the lower surface is seen to become more 

and more uniform along the chord until it reaches a nearly constant value of the dynamic 

pressure. The suction on the upper surface approaches a semielliptical form, so that the center 

of pressure would then lie about halfway along the chord. 

Another interesting feature shown by these tests is the very high peak at the trailing 

edge of the wing tip, which is perhaps most clearly shown in the photographs of the plaster 

models (Figs. 5, 6, and 7). This concentrated region of upload must have a very important 

influence upon the action of an aileron, especially one with a balanced portion at the tip, and 

may tend to explain the somewhat peculiar results that are at times obtained with ailerons 

balanced in this way. It has generally been considered that the loading along the span of a 

wing was of an elliptical form and this would be very closely true if this region of high pressure 

was neglected. At the higher angles of attack the distribution of load along the span is very 

nearly uniform, and for stress analysis and sand-load tests this uniform loading may be con¬ 

sidered as very closely correct, although with a wing beyond the burble point the lateral 

center of pressure is more than halfway out toward the tip. In this connection it would seem 
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probable that a wing tip having a negative rake would be of great help in reducing this local 

suction at the tip and giving a distribution of pressure more nearly elliptical. 

In examining the curves of total pressure along the span it will be evident that at least 

at the higher angles of attack there is an oscillation in the curve. The first high peak occurs 

about one-tenth of the chord length from the wing tip, the second peak occurs at 0.8 chord 

length from the tip, while the third peak occurs at the center of the wing. It is thus seen 

that this oscillation increases uniformly in period as it recedes from the tip of the wing. The 

first peak of this oscillation occurring at the wing tip is due to the region of high suction at 

the trailing edge, which was discussed before. It seems quite evident that this oscillation in 

the curve of pressure is due to a vortex forming near the center of the wing and growing tighter 

as it approaches the tips, finally passing out at the trailing edge of the wing tip, leaving a region 

of high suction at its axis. This explanation is confirmed by the visual vortices which have 

been observed in the McCook Field wind tunnel and by Lanchester’s vortex theory. At any 

rate, it is evident that we can not assume that the load¬ 

ing along the span approaches the elliptical form except 

at low angles of attack. 

In the second series of wings (sections No. 62, No. 64, 

and No. 65) where a lower camber was added to a con¬ 

stant upper section it is evident from the pressure curve 

that the pressure on the upper surface is practically 

unaffected by changes in the lower surface, and that 

the increased lift due to a concave lower camber is gained 

almost entirely by the increased pressure on the lower 

surface on the rear half of the chord. A change in the 

lower camber seems not to affect the loading along the 

span of the wing. 

In the third series (sections No. 54, No. 56, and 

No. 58) where the wing is thinned at the tip it is evi¬ 

dent that the load falls off rapidly toward the tip of the 

wing, as would be expected, and also that there is less 

evidence of a region of high suction at the trailing edge of 

the wing tip. Examination of the curves show, as in the 

preceding case, that the pressure on the upper surface is 

practically unaffected by changes in the lower camber. 

Also, as was shown before, the increased lift due to a concave lower camber is gained mainly 

by the increased pressure on the rear half of the lower surface. It is interesting to notice that 

these wings show even more markedly than the wings of uniform section that the burbling 

starts not at the center but about midway between tip and center. It may be concluded 

that thinning the wing tips, as has been done on section No. 66, moves the lateral center of 

pressure inward about 3.3 per cent of the semi-span, which means that for a given weight of 

airplane the bending moment at the root of the spars has been decreased by 8 per cent. 

In the fourth series of wings (sections No. 64, No. 59, No. 60, and No. 72) where the plan 

form was tapered the pressures along each section have been plotted on a 76.4 mm. chord for 

convenience and have then been scaled to the true chord when plotting the curve of total 

pressure. It will be noticed that there is practically no difference in the pressure along any 

chord of this series of wings. As would be expected, the lateral center of pressure, is moved 

inward as the taper of the wing is increased. In Figure 8 there is plotted a curve of center 

of pressure position against the amount of taper, and it will be seen that the center of pressure 

is moved in about 10 per cent of the semispan when the wing is tapered down to a point at 

the tip as great a taper as is practicable. This C. P. movement decreases the bending moment 

by 25 per cent. If the wing is tapered both in thickness and in plan form, the center of pres¬ 

sure may be moved inward as much as 10 nor 15 per cent of the semispan more than for uniform 
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Fig. 8.—Effect of tapered plan form on lateral center of 
pressure. (Aspect ratio=6.) 
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section wings—a reduction in the bending moment on the spars of 20 to 30 per cent, which is 

well worth striving for. 
GENERAL CONCLUSIONS. 

This investigation shows that in designing ribs or spars for thick wings that the same 

manner of loading may be used as would be taken for thin wings. The distribution along 

the span is not elliptical and departs far from it at the higher angles of attack, due to a region 

of high suction at the trailing edge of the wing tip; so that in computing stresses or making 

sand load tests no more favorable condition than uniform loading along the span should be 

considered, and at angles above the burble point the conditions might be even more severe 

than this. Although experiments have not been made to show the fact conclusively, it seems 

possible that a negative rake on the wing tip will give a much more uniform loading to the 

wing and, as it is now well known, will give to the aileron a considerably higher efficiency. 

Tapering a wing either in plan form or in thickness decreases the load at the tip of the wing 

and thus moves the lateral center of pressure towards the center, so that from a structural 

point of view this fact is of considerable advantage. The bending moment at the root of 

cantilever spars may be reduced in this way by as much as 20 or 30 per cent. 
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Wing 69 (Semi-span) Air speed: 17.9 m.p. s. 
58.7 ft. ■■ » 

-5° 
Angle of attach 

0° +5° +1 O’¬ 
Angie of attack 

+15° +20° 

+/ 

0 

-/V 
-2 

-3l 
Fig. IQ 

j Lower 

Upper 

[ 
Distribution of load along chord 

/Lower 

Upper 

Fig. /O Distribution of load along chord 
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Wing 66 (Semi-span) Airspeeds: 
-/ 7.9 m.p.s. 

-5° 

Ang/e of attack 
O° -*5° +f0° 

Ang/e of attack 
’77° +90° 

-3l L L 
Fig !2 Distribution oftood along chord 
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Winq 64 (Semi-span) Air speed: 17.9 m.p. s. 
" 58.7ft.-.., 

-a- 

-3- 

Fig. !4 Distribution of toad along chord Fig. 14- Distribution of load a/ong chord 
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Winq 68 (Semi-span) Air speed: / 7.9m.p. s. 
58.7 ft- ■■ 

Angle of attack 

-5° 0° +5a +to* 

Angle of attack 
+15° +20° 
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Winq 68 (Serm-span) Air speed:26.8 m.p.s. 
87.9 ft. ■■ - 
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Wing 68 (Semi-span) Air speed: 26.8 m.p.s. 
87.9 ft- - 

463 
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Fig. !9 Distribution of load oiong chord 
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Fig. !9 Distribution of load along chord 
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Winq 62 (Semi-span) Air speed: /7.9 m.p.s. 
■■ 58.7 ft.- ... 

Angle of attack 
0° +5° 
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Distribution of load along chord 
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Winq 65 (Semi-span) Air speed: 17.9 m.p. s. 
58.7 ft. - - 

-5' 

Angle of attack 

0° +5° +10° 

Angle of attack 
+15° +20° 

Upper 

Fig 23 Distribution of/ood along chord Fig. 23 Distribution of load along chord 

53006—23-31 
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Wing 56 (Semi-span) Air speed: 17.9 m.p.s 
58.7 ft - ... 
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Distribution of toad along chord 
Fig. 25 Distribution of toad along chord 
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Wing 58 (Semi-span) Air speed: / 7.9 m.p. s. 
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Fig.21 Distribution of toad a/ong chord 

Lower 

UpperS 

Fig.21 Distribution of toad along chord 
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Winq 54 (Semi-span) Air speed: 17.9 m.p.s. 
58.7ft.--. 

O' 
Angle of attack 

+5 H0° +/5° 
Angle of at tack 

*20' *25' 

Fig.29 Distribution of toad o/ong chord Fig. 29 Distribution of toad along chord 
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Winq 59 (Semi-span) Air speed:26. Q m.p.s. 
y .. .. 67.9 ft.--. 
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Wing 60 (Semi-span) Air speed:26.8 m.p. s. 
87.9 ft. ■■ ■■ 

-5” 
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Fig 33 D'S fr ibut’on of load along chord 



PRESSURE DISTRIBUTION OVER THICK AIRFOILS. 17 L 
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REPORT No. 151. 

GENERAL BIPLANE THEORY. 
By Max M. Munk. 

SUMMARY. 

The following report deals with the air forces on a biplane cellule. 
The first part deals with the two-dimensional problem neglecting viscosity. For the first time 

a method is employed which takes the properties of the wing section into consideration. The 
variation of the section, chord, gap, 'stagger, and decalage are investigated, a great number of 
examples are calculated and all numerical results are given in tables. For the biplane without 
stagger it is found that the loss of lift in consequence of the mutual influence of the two wing 
sections is only half as much if the lift is produced by the curvature of the section, as it is when 
the lift is produced by the inclination of the chord to the direction of motion. 

The second part deals with the influence of the lateral dimensions. This has been treated 
in former papers of the author, but the investigation of the staggered biplane is new. It is 
found that the loss of lift due to induction is almost unchanged whether the biplane is staggered 
or not. 

The third part is intended for practical use and can be read without knowledge of the first 
and second parts. The conclusions from the previous investigations are drawn, viscosity 
and experimental experience are brought in, and the method is simplified for practical applica¬ 
tion. Simple formulas give the drag, lift, and moment. In order to make the use of the simple 
formulas still more convenient, tables for the dynamical pressure, induced drag, and angle are 
added, so that practically no computation is needed for the application of the results. 

1. INTRODUCTION. 

The appearance of a treatise on the aerodynamics of the biplane cellule, including the 
monoplane as a particular case, needs hardly any apology at the present time. For the wings, 
which primarily enable the heavier-than-air craft to fly, are its most important part and deter¬ 
mine the dimensions of all the other parts. The knowledge of the air forces produced by the 
wings is of great practical use for the designer, and the understanding of the phenomenon is 
the main theme of the aerodynamical physicist. In spite of this the present knowledge on the 
subject is still very limited. The numerous empirical results are not systematically inter¬ 
preted. The only general theory dealing with the subject, that is, the vortex theory of Dr. L. 
Prandtl and Dr. A. Betz, gives no information concerning the influence of different sections, 
nor on the position of the center of pressure. This theory is indeed very useful, by giving a 
physical explanation of the phenomena. But the procedure is not quite adequate for obtain¬ 
ing exact numerical information nor is it simple enough. The theory of the aerodynamical 
induction of biplanes, on the other hand, is developed only so far as to give the induced drag, 
but not the individual lift of each wing. 

I hope, therefore, that the following investigation will be favorably received. I try in it 
to explain the phenomena, to calculate the numerical values, and to lay down the results in 
such a form as to enable the reader to derive practical profit from the use of the given formulas, 
tables, and diagrams without much effort. 

The problem of the motion of the fluid produced by a pair of aerofoils moving in it is a three- 
dimensional problem and a very complicated one. The physical laws governing it are simple, 
indeed, in detail, as long as only very small parts of the space are concerned. But the effect on 
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the fluid at large can not be predicted with safety without reference to experience. The vis¬ 

cosity of the fluid plays a strange part, though not quite without analogy with the friction 

between solid bodies gliding along each other or with the behavior of structural members. For 

under certain conditions the forces produced by a mechanical gear can be calculated without 

paying much attention to the friction. But often this can not be done, as in the case of a screw 

with narrow thread which does not turn its nut if a force in the direction of its axis is applied, 

as it would do without friction. The deformation of structural members follow a certain law 

only up to a certain limit; then another law suddenly replaces the first one. The behavior of 

the air around a biplane also can be investigated independently of the viscosity under certain 

conditions only, and it is not yet possible to express these conditions. If the viscosity can be 

neglected at first, its small influence can be taken into account afterwards by making use of 

empirical results. This case alone is the subject of the following report. It is the most impor¬ 

tant one. But this paper also refers to the more difficult part of the problem. This can not 

be solved without systematic series of tests, but for the interpretation of these tests, to be made 

in the future, the following results are hoped to be useful. For the influence of friction is 

always associated with the influence of other variables, and it can not be separated from them 

unless the original and ideal phenomenon without friction is known. 

The phenomenon in a nonviscous fluid is still three dimensional and complicated enough, 

and we are far from being able to describe even this completely. Consider a single aerofoil. 

In the middle section the direction of the air indeed is parallel to the plane of symmetry. At 

some distance from it it is no longer so, and so far as it can be described approximately by a 

two-dimensional flow, this flow is different at different sections. Near the ends the flow is 

distinctly three dimensional. On the upper side the direction of the air flow near the surface 

is inclined toward the center, on the lower side it is inclined toward the ends and finally flows 

around the ends. It is a fortunate circumstance however that along the greatest part of the 

span the flow is almost two dimensional. Moreover, most of the variables are linearly connected 

with each other, and hence the effect can easily be summed up to an average. Hence, the con¬ 

sideration of the two-dimensional problem is a very useful method to clear up all questions 

which refer to the variables given in the two-dimensional section; these are not only the dimen¬ 

sions of the wing section but also chord, gap, stagger, and decalage. The truth of this pro¬ 

cedure is felt intuitively by everybody who considers the wing section separately. This prob¬ 

lem will be discussed in the first part of this paper. The results are useful however only by 

combining them with the effect of the dimensions in the direction of the span. This effect is 

discussed in the second part. The third part will contain the consideration of the viscosity 

and the final results for the use of the designer, developed not only from the preceding theory 

but also by taking into consideration the results of experience. The fourth and last part con¬ 

tains a list of the important formulas and the necessary tables. 



TWO-DIMENSIONAL FLOW NEGLECTING VISCOSITY. 

2. GENERAL METHOD. 

In order to investigate the influence of two aerofoils on each other, I take into account 

- the fact that the dimensions of the wings at right angles to the chord are generally small when 

compared with either the chord or the gap. It can not be assumed, however, that the chord 

is small when compared with the gap. On the contrary, it is often greater than the gap. The 

first assumption reduces the problem to the consideration of the influence of two ‘flat plates 

on each other, or, as I will generally express myself throughout this part, the mutual influence 

of two limited straight lines. This does not mean, however, that I intend to confine myself 

to considering the effect of this particular section only, as for one particular case has been 

done by Dr. W. M. Kutta (ref. 5). The flow around a straight line is by no means deter¬ 

mined by the general conditions governing potential flows, but in addition to these the character 

of the flow near the rear edge is to be taken into account. I do not intend to choose this last 

additional condition indiscriminately, and the same for any wing section; besides, the decision 

as to the direction of the straight line to be substituted for the wing section must be made. 

The effect of the direction of this wing section—that is, of the angle of attack—is expressed 

by the moment of the air force produced about the center of the wing. If the angle of attack 

of a section shaped like a straight line is zero, this moment of course is zero. The most suc- 

FIG. 1.—Section flow without circulation. 

eessful proceeding is therefore to choose the direction of the substituted straight line so as to 

give always the same moment around the center as the replaced section does. An easy method 

for the calculation of this moment is discussed by me in a former paper. (Ref. 3.) For the 

present discussion it is not essential whether the moment is determined in the way described 

there or by any other theoretical or empirical method. The direction of the straight line 

determined according to this precept always becomes nearly parallel to the chord of the section. 

This is particularly true if the section is not S-shaped; but even then the angle between the 

chord of the section and the substituted straight line will seldom exceed 2°. This angle is 

21Cmo where Cm0 denotes the coefficient of the moment about the center of the section at zero 

angle of attack. It is always small. The assumption of a straight line not exactly parallel 

to the chord is thus justified, as it will always run near the points of the chord. (Fig. 2.) One 

such isolated substituted straight line at the angle of attack, zero, thus experiences no moment, 

but the air force due to the physical straight line in that position would still be different from 

that of the replaced wing section, for the lift of the straight line is zero, too, but this is not 

so in general for the actual wing section, in consequence of its curvature. 

Consider the theoretical flow of smallest kinetic energy around the wing section instead 

of the flow actually occurring. (Fig. 1.) The former flow has no circulation around the wing; 

477 
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that is to say, the velocity integral is not increased if a closed path around the section is taken. 

Hence the lift is zero and a straight line at the angle of attack, zero, can be taken as the most 

perfect substitution among all straight lines, for the air produces neither lift nor moment 

in either case. The effect of the wing section on the flow at some distance is very small in the 

case of this flow without circulation. It can be assumed, therefore, that two such wings, pro¬ 

ducing individually neither moment nor lift, have the smallest influence possible on each other 

at the usual distance and continue to experience no air forces when arranged in pairs. The 

influence indeed, can be entirely described by sources and sinks, and I have shown in a former 

paper (ref. 4) that such influence is always exceedingly small. I have thus arrived at two 

straight lines replacing two sections in the particular case that the moment is zero in conse¬ 

quence of the particular angle of attack, and the lift is zero in consequence of the flow arti¬ 

ficially chosen without circulation. Now it is easier to fix the thoughts if the different things 

occurring are designated by particular names. I will call this particular flow around the section 

without lift and moment the “section flow.” (Fig. 1.) It differs from the flow around the 

two straight lines only in the neighborhood of the section, but there it differs very much, for 

at the rear edge the velocity of the section flow (which we remember is only imaginary) is 

infinite. This infinite velocity near the rear edge, which I will call “edge velocity” for sake 

of brevity, is the reason why the pure section flow generally does not really occur but has 

superposed on it a second type of flow with circulation (Fig. 3) in such a way that the edge 

velocity becomes finite. The “circulation flow,” as I will call the second type, possesses an 

Fig. 5—Circulation flow. Fig. 6—Counter-circulation flow. 

infinite velocity also at the rear edge, but opposite to the previous one, and the superposition 

of section flow and circulation flow makes the infinite velocity vanish. 
The magnitude of the infinity of the edge velocity can still be different in different cases, 

for it is infinite only directly at the edge. Near the edge, in this assumed case of an angle of 360° 

of the edge, it is proportional to 1 /s/e, where e denotes a small distance from the edge. The mag¬ 

nitude of the edge velocity at each point is given by an expression to/ Ve where to is a constant 

near the edge; and for two different conditions the edge velocities, though infinite both times, can 

differ from each other by different value of the factor to. The superposed circulation flow is 

determined by the condition that its edge velocity is opposite and equal to the edge velocity 

of the original flow, which means that its m1= — to2 of the original velocity. More generally, 

the sum of all the factors “to” occurring is zero. The circulation flow around the section 

differs in the same way from the circulation flow around the straight line as did the section 

flow from a flow with constant velocity parallel to the two lines; it differs only near the section 

and practically does not differ at some distance. 
The idea is now to change the edge condition of the straight line so as to take into account 

the curvature of the section. The true section flow around the straight line no longer shall be 

considered as determining the infinite edge velocity. On the contrary, it is now supposed 

that the straight line is provided originally with the same edge velocity as the replaced section 

surrounded by the section flow alone. In consequence of this assumption, the same circula¬ 

tion flow is produced as by the replaced section if we prescribe the condition that the sum of 

the edge velocities of all the different types of superposing flows occurring, including the added 

original edge velocity, becomes zero. But then the air forces of the straight lines agree wi 

those of the replaced section and so does the mutual influence of the two wings. 
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I proceed now to discuss the different types of flow. I suppose the position of the wings 

to be fixed and the direction of the velocity at infinity to be changing. Consider first the 

component in the mean direction of the two straight lines. The most important case is when 

two lines are parallel. If V is the velocity of flow at a great distance, and if /3 denotes the 

angle between the lines and direction of flow the component in the direction parallel to these 

lines, at infinity, is V cos (3. I call this type “longitudinal flow.” (Fig. 3.) The other component 

is at right angles to it at infinity and is here practically vertical, although not exactly. It 

may be called “vertical flow.” (Fig. 4.) At a great distance its velocity is V sin (3; near the 

wings it is variable and almost parallel to the wings. These two types have no circulation around 

either of the wings. There remain still two types with circulation, for the circulation around the 

two individual wings can be different. It would be possible to take two flows each having a 

circulation around one wing only. It is more convenient, however, to choose one flow with an 

equal circulation around each of the two wings, which may be called “circulation flow” (fig. 5), 

and a second flow (Fig. 6), with equal and opposite circulations around the two wings, the 

“countercirculation flow” (Fig. 6). These four types of flow will be sufficient for the develop¬ 

ment of the theory. 

The longitudinal and vertical flows are fully determined by the velocity at infinity and by 

the angle of attack. The remaining circulation and countercirculation flows are to be determined 

so as to have such magnitudes as to make the two edge velocities vanish. This done, the air 

forces produced by the combined flow are to be calculated. This computation is much simpli¬ 

fied by the relation between the forces and the types of flow. I have shown in a former paper 

(ref. 4) that the forces can always be represented by mutual forces between the singularities of 

the flow. The longitudinal flow has only a singularity at infinity, namely, a double source. The 

velocity of this flow exceeds in magnitude the average velocity of the other types. The lon¬ 

gitudinal flow by itself, however, is unable to produce any air force. The vertical flow has an 

infinity, a double source of infinite strength, too, and besides, a system of vortexes along the 

two straight lines. Hence the vertical flow by itself produces a force, namely, a repulsion 

between the two wings. The circulation and countercirculation flows also produce forces, the 

latter giving rise to an attraction, for these two types of flow contain vortexes along the two 

wings also. These forces occur in pairs opposite to each other and may be called secondary. 

The main forces acting on the entire biplane are produced by the combination of the different 

types of flow in pairs. The entire lift of the pair of wings is produced by the combination of the 

flow due to the velocity at infinity with the circulation flow; the “counter lift,” in the same 

way, by this velocity and countercirculation. This sum of lift and counterlift may be called 

primary lift. It is not the sum of the lifts of each individual wing, as there are in addition the 

repulsions mentioned between the wings. The entire moment of the pair of wings results 

from the combination of the velocity at a great distance with the vortexes of the vertical flow. 

The lift and counterlift generally contribute to the moment, too. The combination between the 

vortexes of the vertical flow and those of the circulation and countercirculation flow gives rise 

to a second mutual action between the two wings, namely, a secondary moment between them. 

This is of smaller importance and will not be discussed in this paper. 

This seems to indicate a rather laborious calculation, but often it is much simplified in con¬ 

sequence of some symmetry, as I shall proceed to show. 

3. THE BIPLANE HAVING EQUAL AND PARALLEL WINGS WITHOUT STAGGER. 

As a preparation for the following development, the magnitude of the edge velocity of a 

single wing produced by the curvature must be calculated. The lift coefficient for 13 = 0, that is, 

lor the angle of attack at which the moment of the air force around the center of the wing is 

zero, may be called CLo. A simple method for its calculation is given in a former paper (ref. 3), 

but it is not essential how this lift coefficient is determined. The velocity of the air with 

reference to the wing, at a great distance, may be V. The angle of attack of a straight line 

experiencing the same lift coefficient is theoretically f30 = l/2 ttClo. The potential function of 

the vertical flow corresponding to this angle of attack is W= — iV sin f}0-yl(T/2)2 — z2 where z is 
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the variable, T denotes the length of the chord, and where the origin of 2 is taken at the center 

of the wing. The magnitude of the velocity can be calculated from the length of the vector 

dW .rr . n z 

ia=tVsm 

This is infinite near the rear edge. Let e be the distance from the rear edge and accordingly 

let z = l/2T+e. Then the magnitude of the velocity becomes, for a small value of e, 

dW .tt • o -^T/2 

Hence the factor m, mentioned before, is 

m = iV sin Pol/2-yJT 

After this preparation I proceed now to the consideration of the biplane. The investigation 

is much simplified by a transformation of the biplane into a kind of “tandem/’ a method used 

bv Kutta (ref. 5). The two straight lines of the biplane may be considered situated in the 
" G T 

z-plane, the ends having the coordinates z=±i^±-^, where G denotes the gap. The two 

horizontal straight lines may be transformed into two pieces of the same vertical straight line 

in the t-plane, running between the points t = l and t = ¥, and respectively t= -1, and t= -¥. 

The parts of the two planes at infinity are to 

correspond to each other without any change 

except for a constant factor. The expression 

“tandem” for the vertical pair of straight lines 

in the t-plane refers only to their mutual posi¬ 

tion, but not to their position with respect to the 

direction of the flow, for the tandem extends at 

right angles to the main velocity. 

The upper wing of the tandem corresponds 

to the upper biplane wing and its lower wing to 

the lower biplane wing. However the edges do 

not correspond to each other. The ends of the 

biplane wings are transformed into points situ¬ 

ated on the tandem wings at some distance from 

the end. It is not difficult to form the expression for the differential coefficient of the trans¬ 

formation z=f(t). The transformation is performed if, following Kutta, we write 

t2-\2 

t-plane 
r */ 

z.-plane 

Rea/ 

Imaginary 

■ '+A 

+k 
0 
-/r 

••-A 

j(T-iG) i(T+iG) 

i(T+iG) 

Upper frailing edge 

Imaginary 

0 -*Real 

i(T-iG) 

Lower trailing edge 

-/ 

Fig. 7.—Transformation of the biplane. The biplane edges correspond 
to the points. 

(1) 
dz _ JT 

Jt~L/^/(r^t2)(t2-r2) 
The three constants X, ¥, and C are to be determined so as to give the desired transformation. 

If we take the integral of (1) around a closed path inclosing one of the tandem wings, z 

can not be increased, and hence this integral must be zero. Now it follows from the considera¬ 

tion of the entire flow that the integrand dzfdt has equal and opposite values on the two sides 

of the tandem wing, and so has the differential dt. Hence the entire integral is twice the integral 

between the two ends of the wing and this integral also must be zero. That means 

ri t2-\2 

X vc^) (*•-**) 
Substitute t— ^1 —lc2u2, where Tc~ -yjl — Tc'2. Then substituting and replacing u by t the integral 
changes into 

These two definite integrals are known and their values are contained in most mathematical 

tables. They are called “complete elliptic integrals,” complete because the limits are 0 and 1, 

(2) ^dt = 0 
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and they are always denoted by F (or K) and E. 

T, ‘ E(k) 
it appears thus: X2 = is called the modulus. 

The number lc which determines their value 

For t= ±X the expression (1) changes its 

sign. These points therefore are the transformation of the biplane ends. Each point of the 

tandem in the t-plane corresponds to two points of the biplane. Thus t = + X corresponds to 

the front and rear ends of the upper wing; and t = — X to the two ends of the lower wing, lc or Tc' 

can be chosen arbitrarily so as to obtain different ratios of gap/chord. C is to be determined 

so as to give the right scale in order that the integral of dz between t = h' and t = \ gives T/2, 

since by symmetry t = lc' corresponds to the middle of the chord. 

T_ T p 

* brjt. 
Apply the same substitution as before, 

Vi-\* 

X2-*2 

■y/(l-t2)(t2-lc'2) 
dt 

1 

a -F V 1 - w 

1-12 
dt—\2 l 

Vi-x2 

dt 

WEF, Vr -X2A\ 

^{l-t2)(l-lc2t2) 

These are no longer complete integrals but elliptic integrals for the modulus Tc and the argument 

Vf^x2 
lc 

The gap 0 is given by the condition 

G= f p' ; 

* 2jo J(T= 

\2-t2 

t2) (lc'2-t2) 
--dt 

Substitute here t = wk'. It appears then that 

G 
ji= C{E(k>) — (1 +X2)^(n} 

E and F are complete integrals again, but with the modulus lc'. 

In the case that G = T, lc' =0.14. and \=0.55. Each tandem wing thus has the length 

1—lc', or 0.86. The point X is situated near the center of the wing, but not exactly, being 

nearer the other wing. If the gap of the biplane is increased more and more, the tandem wings 

become smaller and smaller, and the scale C increases accordingly. X approaches the center of 

the tandem wings more and more, and at last the tandem wings are so small that they no longer 

influence each other, but each produces a flow like a single wing. C always gives the scale at 

a great distance from the wings, for at infinity dzjdt becomes iC T/2. 

The transformation is thus completely given, and I proceed to the discussion of the different 

types of flow, as mentioned in the preceding section. The longitudinal flow is given more 

simply in the 2-plane; the velocity is 

V cos /3 

Hence 

• dW_ 

dz 

dW_ 

dt 
V cos (3 

dz 

dt 

The vertical flowr is easily given in the £-plane and is seen to be 

dW 
dt 

C E V sin j3 

This expression assumes the desired value at infinity and fulfills the condition of flovr near the 

two tandem wings, including the condition that the circulation around each of the wings be zero. 

For we remember that the circulation remains unchanged by a transformation. The velocity 
of the vertical flovT in the 2-plane is given by 

d W — V sin (3 C 77? 
U'*-’ t vl/v 

53006—23- -32 
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Now the relation between the velocity dW/dt at the points t — ±\ and the corresponding 

edge velocities d W/dz has to be established. For purposes of calculation, the velocity d W/dt 

may be taken 
dW 

- dt 
= V sin ft Gj 

that is, the same as produced by the vertical flow at the angle of attack ft. The transformation 

must be made from a point A + f to T/2 + e, where f and e are small quantities, but not infini¬ 

tesimal, dz/dt becomes zero at the exact ends of the wings and the second term in the expansion 

gives 

e = 

Introducing the abbreviation 

1 T_2\_ 

2 ^°2 VU-X2)(X2-fc'2) 

B=\\ Vtf-xa)(x2-fc,a) 
TI2 C2 . . -v®Ve e- 2B r I- e.,$ ^ c^jTi2 

hence __ 
dt i-\j2B 

dz~ 2CJWJ* 
and _ _ 

dW dt T7 . „ nT_iV sin ft^T/2^B/2 

dz dz Sm P ° 2 ' Ve 

Therefore _ _ 
m=iV sin ft-y/ T/2^B/2 

The comparison of this expression with the corresponding expression for the single wing at 

the beginning of this section shows that B must become 1 for an infinite gap. For other values 

of the ratio of gap/chord the value of B can be seen in Table I. It is always smaller than 1 

and for very small values of gap/chord it is 112. 

It appears thus that the vertical flow of the same strength produces a smaller edge velocity 

with the biplane than with the monoplane having the same chord. This was to be expected, 

for each wing acts as if it produced a shadow in reference to the other wing and this stops the 

vertical flow. This is not so, however, with the longitudinal flow. If the edge velocity is 

produced by the longitudinal flow, it can not be materially influenced by the second wing. 

The edge velocity in this case remains unaltered, the transformed velocity in the £-plane is 

increased and has the magnitude 

GV75 
From this discussion it follows that a finite velocity dW/dt at the point t = ±A gives an 

infinite edge velocity. The condition of the vanishing edge velocity can therefore be expressed 

more conveniently by the prescription that the velocity dW/dt at the two points t = ±A be¬ 

comes zero. This velocity is the sum of the velocities of all single types of flow at this point 

and of the transformed edge velocity due to curvature, as just given. 

The longitudinal flow does not give any velocity d W/dt at the transformed edge and the 

velocity of the vertical flow and section flow are already expressed. There remains only the 

circulation flow and the countercirculation flow. These two are to have the velocity zero at 

infinity and are to give two equal but opposite circulations. These conditions are fulfilled by 

the expressions: 
d W _ -p t 

dt F (f-ic72) 

dW 

dt Q 
l 

J(l-t2) (it2-lc,2) 

for the circulation flow, and 
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for the countercirculation flow, where P and Q are constants giving the intensity arid are to be 

determined by the two-edge conditions. The circulation flow gives equal velocities at the two 

transformed edges, the countercirculation flow gives opposite and equal velocities. These 
velocities are respectively, 

dW_p X Q 

dt v^x^-T72) 
The determination of P and Q is easy now, for the edge velocities are equal at the upper 

and lower edge and so are the transformed edge velocities. Hence Q =0, and, to satisfy the 
zero conditions, 

P\ _PC T „ . G TV sin ft 
Va-X2)(X2-jfc'2) 2B °2VsmP + ^Jb 

P = TV(B sin p + VB sin p0) 

The entire circulation is 2tP, hence the entire lift is the product of the circulation, the 
velocity at infinity, and the density, that is 

. _ L —2tv VPp =2ttTV2p(B sin P + VB sin j30) 
and the lift coefficient is 

CL =2r sin B+2tt sin p0^B 

B has a value somewhat less than 1. (1-B), respectively [1 - -yjB), gives the decrease of 

the lift when compared with that of the monoplane, whose lift coefficient is 2tt sin (3, as is well 

known. The former is due to (3, the angle of attack; the latter, to p0, the effect of curvature 

of the section. 1 — VB is about 1/2(1 —B). It can be stated therefore that: 

The decrease of the lift due to the “biplane effect” is only half as great if the lift is produced 
by the curvature as if it is produced by the angle of attack. 

The entire moment is the integral of the product of half the density, the square of velocity, 

the differential of the surface dz and the lever arm z, taken over both wings. The velocity is 

the sum of the velocities of the four types of flow; in the present case, only three types. The 

square of the velocity is accordingly the sum of the squares and the sum of twice the products 

of different velocities. In the preceding section it has been explained that the squares can not 

give a moment. For reasons of symmetry the product of the vertical velocity with the circu¬ 

lation does not give any moment either. There remains only the product of the longitudinal 
velocity, V cos (3, with the vertical flow. The entire moment is 

JcZ W 
dz, over both wings 

=4p V2 cos (3 sin ft C2 —r f. 
4 Jo 

t(t2-\2) 

'y/(l-t2)(t2-TcTi) 

=7rpV2 cos p sin p T2C2 
l-\2-l2/2 

2 

as found also by Kutta in his particular case. The moment refers to the center of the biplane; 

that is, the intersection point of the two diagonals connecting one rear and one front edge. 

The position of the center of pressure on a line through this point parallel to the wings is found 

by dividing the moment by the component of the lift at right angle to the wings. For sections 

without curvature effect the distance of the center of pressure from the center of the biplane is 
constant and is 

The expression 

TC2 Tc2 
B 1 K ~2 

x = 
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is calculated and contained in Table I. 

the leading point therefore is 

The distance from the center is x T. The distance from 

The factor x differs only slightly from 1/4, hence (l/2~x)T= T/4, this being the same value 

as for a “monoplane without curvature.” For gap=chord, the difference, *-0.25 is about 

.08, the center of pressure being nearer to the front. What has been said above applies to 

sections without curvature effect, as stated. For other sections the moment remains the same, 

but not so the lift, and hence a travel of the center of pressure takes place. The center of 

pressure of the entire lift is then 

CP=(x- sin &T 

For a single wing * =1/4 and B =1. For the practical range, the product x-^B is almost 1 j4 too. 

Hence the second term in the formula, which is the one giving rise to travel of the center of 

pressure, is almost equal to the corresponding term for a monoplane of the same section, indi¬ 

cating that there is a corresponding change in the lift. The change of the lift which gives rise 

to the travel is smaller, but the arm is increased; and so the total effect is almost neutralized. 

The position of the center of pressure is moved slightly to the front and the travel is almost the 

same as with the monoplane of the same section. 

We remember that all results obtained in this section refer only to the two-dimensional 

problem. The influence of the lateral dimensions has still to be considered. It may be men¬ 

tioned, however, that the fact of the travel of the center of pressure of both monoplane and 

biplane being the same does not mean that there is no difference between them with respect to 

the travel of the center of pressure. The biplane is superior, chiefly, of course, because the 

chord is only about half as great as the chord of the monoplane having the same wing section, 

and hence the absolute travel is only half as much too. But this is not all. The travel is equal 

only with reference to the change of the lift coefficient; it is smaller for the biplane with reference 

to the change of the angle of attack, and this is the determining factor for the calculation of the 

dimensions of the tail plane. 

There remains finally the determination of the secondary repulsion between the two wings 

produced both by the circulation flow and by the vertical flow. For the circulation flow, 

d TT_ Pt 

-ylil-f2) (t2-Tcfa) 

dW Pt 1 
dz t2 — \2 G T/2 

Repulsive force 

-5/©’* 
pP2 _dt_ 

CT/2J1 (t2-X2) 4(T-P)W-Fo 

The same substitution as used before, t2 =1 — lc2w2, transforms the integral into 

p_dw_^X2 p_dw_ 

Jo -yI (1 — w2) (1 — 1c2w2) fc2Jo^I—k2 w2^yJ{l — w2) (1 — Jc2w2) 

The first integral gives simply and the second one can be reduced to 

Hence the repulsive force is 

pP2 w (1 J_\ 
C T/2 r(k)\ ~2BJ 

fc2 

2\2B 

But 
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and hence the repulsive force due to the lift is 

U Fa)(B-l/2) 
4tt2pV2T/2 BC 

The repulsion due to the vertical flow is calculated by the same method. 

"-v^vlc 

*-1/0' * - f > J 30t5ES5 * 
_ T/2 . a 21 L.a,w * , a-X2)(X2 + P-f)| 

I sin (3 p C 2 + 2B\2 

The second factor may be abbreviated again and denoted by v, 

i. e., R = V2 ^ sin2 (3 Tv 

v is contained in Table 1. 
It appears that the repulsion is proportional to the square of the lift, respectively to the 

square of the angle of attack; it is small, therefore, for small lift or angle and the ratio of the 

repulsive force to the lift is not constant. The entire repulsive force is the sum of the force due 

to the lift and that due to the angle of attack. For sections without curvature effect the two 

parts are proportional and can be expressed in terms of the angle of attack. 

R=r | V2 T sin213 ^{-(J ^22 + C(2\2 + lc2-2) +^B (B n 1 [2)\ C \ 

Table I shows that the part due to the angle is much smaller than the part due to the lift. The 

lift produced by the curvature is accompanied by the one repulsive force only and therefore 

such biplanes have smaller repulsive forces and the upper and lower lifts are more equal, but 

the difference caused by considering curvature is very small. 

4. BIPLANES WITH DIFFERENT WING SECTIONS, DIFFERENT CHORDS AND DECALAGE. 

The method just employed can be used too for the investigation of varied arrangements. 

The wing section of the upper and lower wing may be different, but the respective angles 

of attack for which the moments around the centers vanish may be taken by the two wings at 

the same time. It is assumed that the chords are still equal and the biplane unstaggered. 

The two edge velocities are now different. It can easily be seen that the circulation flow 

and hence the entire lift is determined now by their arithmetic mean in the same way as before. 

Instead of j30, the expression, ^01 ^ ^°2 enters in the equation for the entire lift. Besides, a 

countercirculation flow is now created by the difference of the two edge velocities from the 

mean value. This difference is in the t-plane, 

T Tr sin /301 sin (302 1 

C2V 2 ^B 

and must be neutralized by the velocity of the countercirculation flow 

Q 
VU-x2) (\2-£/3) 

Hence __ 

The lift of the wing with greater curvature is increased by the additional lift 

UpVcos fi F(l)Q =41 xysFw 
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The other lift is decreased by the same amount. It is interesting, though not very important, 

that the upper and lower primary lifts have not the same ratio as if the two wings are isolated. 

The factor \-y/BF{lc) is somewhat greater than ir/2 for the usual gap/chord ratio. The difference 

is not great, however. 
The entire moment remains approximately unchanged, and for the calculation of the center 

of pressure the mean of the effective curvature may be taken. The difference comes in by the 

combined effect of countercirculation flow and the component of motion at right angles to the 

wings, so that the height of the center of pressure of the curvature lift is slightly changed. 

Besides the countercirculation flow produces an attraction which diminishes the differences of 

the upper and lower lift. The case of different section is not common, however, the differences 

of the effective curvature is small in these cases and hence the attraction which contains the 

square of the difference is very small. It is hardly worth while to discuss the magnitude of this. 

The biplane with different lengths of the two chords can be treated according to the first 

development, by starting with a transformed tandem with different chords, so that the ends 

are kx and — Jc2 and in the denominator two different X's enter. The integrals occurring are 

somewhat complicated, although their solution can be performed systematically by well-known 

methods. But these are rather laborious. It does not seem proper to discuss them in this 

more general treatise, so much the more as the results are not expected to be very interesting 

for the following reason. 

In the case of small differences of the two chords the effect can be discussed without any 

calculation. For the biplane behaves symmetrically whether the upper or lower wing has the 

smaller chord, and therefore all quantities referring to the entire biplane have a maximum or 

minimum for equal chords. Hence a small difference can not have a noticeable effect. From 

this follows that the entire lift and moment of a biplane with almost equal wings, without 

stagger and decalage, is equal to the biplane with two equal wings, which have the mean chord 

of the upper and lower wing. The lift of each individual wing was not equal before and the 

change of the primary lift is not proportional to the difference of size. It is to be expected, 

however, that this is at least approximately the case, and the question is not worth the while 

of a laborious investigation. 

If the wings are very different, the arrangement approaches to a monoplane, and an ordi¬ 

nary interpolation seems to be justified and is likely to be exact enough for practical use. It 

must be remembered that the difference between the air forces of the monoplane and the biplane 

is not very great, anyhow, for the usual gap/chord ratio. 

I proceed now to the biplane with equal, unstaggered wings, but with decalage. By 

decalage is meant the difference in the angles of attack of the two wings for which their indi¬ 

vidual moments around their centers are zero. Decalage is called positive if the angle for the 

lower wing is the greater. In the neutral position the angle of attack of the upper wing may 

be — 5 and that of the lower wing 8. It is not possible to find a simple transformation in analogy 

to the former one, which transforms the tandem into two straight lines inclined toward each 

other. It is necessary to use a more elementary method for the calculation of the decalage 

effect, which, however, is likely to give as good results. It may be stated at once that the same 

consideration with respect to the entire lift and moment is valid as before. At small decalage, 

and a small decalage only is considered, the entire lift and entire moment remain practically 

unaltered. The lift of each individual wing however is changed considerably and in an inter¬ 

esting way, and it is well worth while to consider the reason of this phenomenon and to find a 
formula for it. 

The solution of the problem of the biplane with decalage requires the knowledge of the flow 

around it in the neutral position. At first, the theoretical flow without circulation or counter¬ 

circulation will be deduced. The edge velocity of this flow could be determined approximately 

by linear interpolation, if it were known for two positions of the upper wing while the lower wing 

retains its angle of attack 8. Now the edge velocity is known for parallel wings from the pre¬ 

vious investigation, that is, for the angle of attack 8 of the upper wing. As a second position, 

I try to find the particular position of the upper wing where it does not experience any influence 

at all from the lower wing, which continues to have the angle of attack 8. The influence does 
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not vanish at the angle of attack zero of the upper wing. For the flow produced by the 
lower wing alone is almost straight in the space above and below the wing, but it is not parallel 

to the flow at infinity. Near the lower wing it is nearly parallel to it and hence has the angle 5. 

At some distance it gradually approaches zero. The disturbing velocity is given by the ex¬ 

pression 
dW 
dz 

~(j t "i 
V z2/ 

V sin 8 

At points above and below the center of the wing, 2 is purely imaginary and may be written iy. 

The angle of the flow at this point is 

tan 8 ( 1 0 2y 
v 'P-!-:} y* 

Now this direction of the flow can be taken approximately as the direction of the wing in 

question. The bracket in the last expression may be denoted by d. The value of d is given in 

Table I, for different ratios gap/chord. The flow around the wing is parallel to the wing in its 

immediate neighborhood. At some distance it gradually assumes the direction of the undis¬ 

turbed flow. Therefore, the second wing, when in the undisturbed position, has an angle of 

attack of the same sign as the other wing, but a smaller one. From Table I it can be seen that 

for equal chord and gap the angle of attack is only 1/10 of the other. 

For parallel wings the edge velocity has the factor m= V sin 8-yjB/2-yjT12. For the angle d 8, 

there is no change in the edge velocity. For the angle of attack — 8 the edge velocity therefore 

has the factor m= — V-yjTl2-yjBI2 8(1 -f 2d). The sines of the angles are replaced by the angles 

themselves in this expression. The expression ^B (1 +2d) is given in Table I also. 

It is assumed that the decalage is small only and that therefore the former method can 

be applied for the remaining calculation. The entire lift remains unaltered, if the mean of the 

two angles of attack is considered as angle of attack. The entire moment is almost unaltered 

too. There is only a small contribution produced by the combined effect of vertical flow and 

countercirculation flow. This is 

M=4-igV2T sin 8 Cl—2d) -yjB\F\k) sin jS 

which is hardly considerable and is only mentioned for reason of completeness. The wing 

of greater angle of attack is turned forward by this moment. The additional primary opposite 

lift at each individual wing is 4igV2 T sin 8 (1 +2d) -jB\F(k) and positive of course at the wing 

with the greater angle of attack. 

In the neutral position the wing experiences the lift due to curvature, and the counterlift 

due to decalage as primary lift. The individual moments are opposite. Both additional 

influences tend to produce an attraction between the two wings and do actually produce one, 

if the curvature is small or the decalage great. For greater angle of attack the secondary force 

between the two wings changes its sign. The effect of this phenomenon is particularly con¬ 

spicuous, if the lower wing has positive decalage. For then the lower lift is not only increased 

by the constant counterlift, but in the neutral position also by the attraction between the two 

wings. At greater angles, however, it is decreased by the repulsion and, therefore, it appears 

that the lift curve of the lower wing plotted against the angle of attack has an unusually low 

slope. 
5. STAGGERED BIPLANES. 

The calculation of the two-dimensional flow around staggered biplanes with equal wing 

chords is somewhat more complicated than the case without stagger. The same consideration 

with respect to symmetry is valid for staggered biplanes with small stagger as for the other 

variations. The influence of the small stagger on the entire lift and moment is given by an 

expression which does not contain the first power of the stagger, and therefore the lift and 

moment are almost constant at first. The difference of lift could be calculated to the first 

approximation alone. This approximation, however, is not likely to be a good one for somewhat 

greater stagger, nor is then the influence of these terms negligible which contain the powers 
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of the stagger. The problem is one so important that it is worth while to perform the calcu¬ 

lation in full for a series of different staggers and gaps. 
In the following development two arbitrary constants occur for each of the two different 

ratios gap/chord and stagger/chord. Unfortunately the two ratios are functions of both the 

arbitrary constants, and it is not easy, therefore, to change only one of the two ratios. 

The method of calculation is quite analogous to the previous one. First, a transformation 

is established, which transforms the same tandem in the t-plane as before into the staggered 

biplane in the z-plane. This transformation is 

dz 

dt 

t2-\2 

^vva-w-fc'2) i=F 4" d ) 
1c or It' and a are arbitrarily chosen and X has the same value as before. This follows from the 

condition that the line integral of dz around the tandem wing must be zero. f = \ however, is no 

longer the transformation of the edge of the biplane wing. The corresponding points t = plf 

dz and 

by means of this integral the value of G is found. Mi and p2 are situated at different sides of 

the tandem wings. The integral gives 

+ dfJ- 
2_ 

G 

C is twice the inverse value of this expression. The stagger is simply T Ca(,—m2)- 

Now the different types of flow have to be considered. The vertical velocity is transformed 

into 

dt 

For infinity this expression assumes the value 

t2) (t2 — lc'2) 

T 
V sin j8 j G (1 +ai) 

and at the boundaries of the tandem the velocity is parallel to the boundaries. The substitution 

of Mi and M2 gives the transformed edge velocities due to the angle of attack (1 + a2) as great 

as before. The transformed edge velocity, due to curvature, is again T/2 Vsin j3() multiplied by 

the factor of the second term, which gives the transformation of the two planes at t = p. 

The circulation flow and countercirculation flow in the t-plane are the same as before. 

Their velocity at the transformed edges are obtained by substituting t = pu t = p2. 

All these velocities are different now in general at the upper and lower wing and P and Q 

have to be determined so as to make their sum vanish. This gives two linear equations for 

P and Q. 

P and Q can be determined separately for the angle of attack and the curvature, and can 

be added afterwards. P and Q being known, the calculation is almost finished. P and P0 give 

direct the factor of the lift, corresponding to B and B0 in the previous development by dividing 

it by TV sin j8. Q has to be separated in the same way from T V sin (3 but then it does not 

yet give the counterlift. For the period of 

r dt 

J VU -WW-T^j 
is 4-F and not therefore the value obtained has to be multiplied by 2F/ir. 

One part of the moment is to be calculated in the same way as before; that is, the part created 

by the combination of the longitudinal and vertical flow. It results (1 Pa2) times the same 
value as before. 

The moment with respect to the center of each individual wing due to the circulation has an 

opposite sign. The countercirculation, however, gives a moment. This can most conveniently 
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be calculated by considering the change of the moment when compared with the biplane with¬ 

out stagger, for which this part of the moment was zero. The moment is expressed by 

Q at L/2 C 

(f-Jc'2) 
dt =Qa 7T 

since the integral is taken around the two tandem wings. Besides, there is a small additional 

moment around the two tandem wings due to the countercirculation forces in the direction of 

the chord. This moment is 
VQ X It-Fxga'p x sin p 

and has the effect that the height of the center of pressure is changed. 

Besides the counterlift from the countercirculation flow, there are secondary repulsive 

forces which contain the squares of the angle of attack as before and which are small therefore 

for small angles. Their calculation is laborious and the result hardly interesting. This repul¬ 

sive force is somewhat smaller than for the biplane without stagger, partly due to the increased 

distance and partly due to the difference of the upper and lower primary lift and changes in 

the flow. For small stagger the factor of course approaches 1, and the difference is not great in 

practical cases. 

This method is employed for the computation of the aerodynamical constants of 10 different 

staggered biplanes, and the results are given in Table II. It wras necessary to perform the 

laborious calculation work with a slide rule, and as a consequence the results are not very 

exact. They are exact enough, however, for practical application, and this only is the standard 

of exactness in the present paper. 

It appears, as was expected from consideration of symmetry, that the two kinds of lift remain 

almost unaltered at a small stagger. The change can be expressed, as a first approximation, 

as proportional to the square of the stagger. This holds true also for the quantities determining 

the entire moment and the travel of the center of pressure. The approximation is exact enough 

up to a stagger 1 /3 of the chord, within the usual range of the ratio gap/chord and may even 

be employed up to GjT=1 /2 in order to obtain the range of magnitude. For very great stagger, 

equal to'a multiple of the chord, the law is quite different of course, but such an arrangement 

is no longer a biplane but rather a tandem. It appears that with increasing stagger the lift 

produced by the angle of attack is increased and the lift produced by the curvature is dimin¬ 

ished. At high lift, at which the coefficients are chiefly needed, both parts are positive. Under 

these circumstances the changes neutralize each other partly and the lift is even more inde¬ 

pendent of the stagger. 

The change of primary upper and lower lift of each individual wing is directly propor¬ 

tional to the stagger, as long as the stagger is small. The front wing has a greater primary 

lift. For gap/chord 1 and stagger/chord 1/2 the difference of upper and lower primary lift is 

about 10 per cent of the entire lift. The difference of the primary lifts is a linear function of 

the entire lift, but by no means proportional to it. Hence the ratio of the difference to the 

entire lift is not constant, but even changes sign. The usual arrangement has a greater lift 

for the rear wing at small angles of attack and a greater lift for the front wing at greater angles 

of attack only. 

The two centers of pressure move apart with increasing gap, at first only proportional to 

the square. Moreover, the ratio of the lift produced by the angle of attack to the lift due to 

curvature increases. The consequence is a greater travel of the center of pressure. For 

G/T=l and stagger/chord =1/2 the two coefficients B and B0 are almost equal and the distance 

of the two poles or centers of pressure of the two parts of the lift has increased by 10 per cent. 

Relative to the lift coefficient, the travel of the center of pressure is 10 per cent greater therefore 

when compared wdth the monoplane of the same section. 

The method demonstrated could be employed for many other problems. The previous 

computations are sufficient for the present purpose. The benefit of the new method of calcu¬ 

lation not only consists in the useful numerical results. The method shows also howr two 

aerofoils situated near each other produce a common flow, the effect being that of one aerofoil, 

particularly if they move nearer and nearer together. 



THE INFLUENCE OF THE LATERAL DIMENSIONS. 

5. THE AERODYNAMICAL INDUCTION. 

I proceed now to the discussion of the air forces with a biplane cellule as influenced by its 

lateral dimensions. The fact that the span of the wings is finite is not compatible with the 

conception of a two-dimensional flow. The variation of the flow in the lateral direction is 

particularly marked at the two ends. Near the middle the flow resembles the two-dimensional 

flow in so far as the lateral variations are small. But there are still important differences be¬ 

tween this pseudo two-dimensional flow in the middle of the biplane cellule and the real two- 

dimensional flow; even in the middle, these two by no means agree. 

The difference comes in owing to the fact that the flow behind the wing is not actually a 

real potential flow, for there is an unsteady layer which separates the air which has passed 

over the wing from the air which passed under it. At the rear edge, where the two airstreams 

flow together, they possess different lateral components of velocity and hence are unable to 

unite to a potential flow free from unsteadiness. The effect can be taken into account by assum¬ 

ing the direction of the airflow to be changed and turned by a certain angle. To be sure, the air 

near the wings flows parallel to the boundary whether the flow be two-dimensional or not. But 

the distribution of the velocity and the resulting pressure is changed as if the incident air origi¬ 

nally had an additional downward component at right angle to the direction of flight. This 

imagined downwash can be calculated and is generally different from point to point. I have 

proved in a former paper (ref. 1) that under some admissible simplifying assumptions the entire 

resulting induced drag does not depend on the longitudinal coordinates of the points where the 

lift is produced. Only the front view is to be considered. 

I have also given there the conditions under which the induced drag has its minimum 

value. These conditions are never exactly fulfilled, but the real induced drag will not be very 

mu'ch greater than the minimum value. Besides, it is interesting to know this smallest value 

possible, in order to have an idea as to whether or not an improvement is possible and promis¬ 

ing. The induced drag can be conveniently calculated by means of the formula 

L2 
D = ytyi where b is the greatest span of the biplane and ~k b the span of the equivalent 

monoplane having the same induced drag under the same conditions, g denotes the dynamical 

pressure. The factor Tc depends on the front view of the biplane and not on the stagger. Its 

value for different gap/span ratio is given in Table III. For very small gap it assumes the value 

lc = l, for very great gap it would finally become 1.41. It is chiefly a question of experience to 

decide how close the distribution of the lift comes to the most favorable one, so that the mini¬ 

mum induced drag expresses the real induced drag. This question is discussed in the last 

part of this paper. One remark concerning the distribution of lift, however, properly finds its 

place at this point. The investigation in the first part makes it possible to describe the most 

favorable distribution more exactly than is done in the original treatise. There the assumption 

was that the lift was small, and it was mentioned that for greater lift the description could be 

improved. That is simple now, for all deductions were drawn from the assumption that the 

lift at each point is proportional to the intensity of the transversal vortices at that point. But 

it is not the entire lift that is proportional, but only that part of the lift which I have called 

490 
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“primary lift.” Only the primary lift is subject to the conditions for the minimum induced 

drag stated in the paper mentioned. The secondary lift, being a component of the mutual 

forces between parts of the whole arrangement—for instance, a repulsion between the two wings 
increasing the upper lift and decreasing the lower lift—must be omitted. This last makes no 

difference in the entire lift, for the sum of all secondary lifts is zero. 

This is not without interest in the consideration of the most “regular” biplane, with two 

parallel and equal wings without stagger. It appeared that in the two-dimensional flow the 

upper and lower primary lift are equal, but not so the sum of primary and secondary lift. The 

condition of minimum drag for this biplane calls for equal induced downwash over both wings 

and, from reasons of symmetry, it follows that this is the case only if the lift which produces the 

downwash is equal, too, at both wings. But that is only the primary lift, and therefore the 

biplane in question fulfills the conditions as far as the entire upper and entire lower lift is con¬ 

cerned, although the two lifts including the secondary lifts are not equal. 

The induced drag appears as a.consequence of the total air force being no longer at right angles to 

the direction of motion but at right angles to the negative velocity of flight with induced downwash 

superposed on it. The entire surrounding and passing air appears to be turned, and with it the air 

force is turned and has now a component in the direction of flight. Hence the angle of turning, 

being small, has the magnitude mduc||^ drag; that is, But now the position of the 

section with respect to the incident airflow and hence the angle of attack has changed. It 

appears to be decreased by the same induced angle, and in order to create the same lift as in the 

case of the two-dismensional flow, the original angle of attack has to be increased by this in¬ 

duced angle. Considering the wing turned by this additional induced angle, the airflow around 

it is almost the same as in the two-dimensional case, and the distribution of pressure is the 

same, too. Therefore the moment and the center of pressure remain practically the same for 

the same lift coefficient, though not for the same angle of attack. For this reason and because 

all formulas become much more simple, it is recommended always to consider the lift coeffi¬ 

cient instead of the angle of attack as the independent variable and to start with it. This is 

easier, too, because the lift coefficient can more easily be found for a certain condition of flight 
and a certain project than the angle of attack. 

For an unstaggered biplane with equal and unstaggered wings, the induction at the upper 

and lower wing is almost equal, and therefore the change of the upper and lower lift is equal too. 

No additional difference of lift is induced. For a biplane with decalage or with different chords 

this is not exactly the case, but the differences are very small and it is not necessary to consider 

them. The staggered biplane, however, deserves a discussion at fuller length. 

The staggered biplane in general has different upper and lower primary lift, and the ratio 

is variable in most cases for different angles of attack also. The distribution of lift is no longer 

the most favorable one, but in consequence of the induced drag the lift of the front wing is 

somewhat increased. This increase now, not very great anyhow, seems to be neutralized for 

the ordinary biplane with positive stagger (upper wing in front). The reason is the following: 

In Part I of this paper, dealing with the two-dimensional flow, the stagger had to be counted with 

respect to the direction of the wing chord. For the flow was resolved in components determined 

by this direction. But not so in the present case. Now, the stagger is no longer determined by 

the dimensions of the biplane only and is not constant, therefore, for all conditions of flight, but 

it is determined by the direction of flight, though not exactly parallel to it, and is therefore 

variable for different conditions of flight. So is the gap, which is to be measured at right 

angles to the stagger. For the effects of the aerodynamical induction are determined by the 

position of the layer of unsteadiness of the potential flow behind the wings, and the direction 

of this layer nearly coincides with the direction of flight. Hence, if the stagger and angle of 

attack are positive, the effective gap is increased, and in consequence the induced drag is 

decreased. This may neutralize the unfavorable effect of the differences of upper and lower 

primary lift. This is. very convenient for practical applications, for it makes it possible to use 
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the same coefficient Tc for both staggered and nonstaggered biplanes, as far as the induced drag 

is concerned. 

A similar simplification for the angle of attack is possible in an important series of cases. 

It can be proved that the entire lift is only slightly changed by the effect of the aerodynamical 

induction if the coefficient of the primary lift was equal originally for all the individual wings. 

This includes the important case that the wings are parallel. 

I have shown previously (ref. 1) that the entire induced drag remains constant if the lift 

remains constant on each longitudinal line. It does not, if the wing is moved longitudinally, 

for under ordinary conditions the downwash behind the front wing of the staggered pair 

diminishes the lift of the rear wing, and at the same time the lift of the front wings is increased 

in consequence of the diminished front down wash. Imagine, first, the two angles of attack a 

changed in such a way by the angles Acq and Aa2 that the lift of each individual wing is the 

same as before. Acq and Aa2 are the differences of the two induced directions of air before 

and after the change. It is known that the entire induced drag is the same as before; this 

gives the equation 
Acq Lv + Acq L2 = 0. 

If, now, the lift coefficients of the two wings are equal, the two sides of this equation can 

be divided by this lift coefficient, and it appears that the sum of the wing areas each multiplied 

by its change of downwash is zero too. If, now, the two wings are turned back into their 

original positions, the change of the entire lift takes place only so far as the induced drag 

is increased as a consequence of the less favorable new distribution of lift. But this is 

very little, if it was the minimum before, and hence the approximate constancy of the lift is 
demonstrated. 

Drag and total lift remain almost constant. There is, however, the change of the effective 

gap already mentioned. The effective gap coincides with G only when /3 = 0, otherwise it is 

approximately G (l+fis/G). The effective gap is increased at positive stagger and angle of 

attack. The substitution of the usual dimensions shows that the influence amounts to from 

1 to 2 per cent. By this much the lift may be increased at unusually great positive stagger. 

The interference effect of the two-dimensional flow was chiefly an increase of the lift within the 

same limits for either positive and negative stagger. The two influences have equal signs 

chiefly at positive stagger and opposite signs at negative stagger. The influence of the stagger 

is to be expected to be particularly" small at negative stagger; at positive stagger, from this 

consideration, slight increase of the lift appears. 

The moment and the difference of upper and lower lift is changed, however, by the aero¬ 

dynamical induction to a considerable degree. It follows from the previous discussion that 

the effective angle of attack of the front wing is increased and that of the rear wing decreased 

by the same amount, and it remains to determine this quantity. The change of induced down- 

wash takes place, of course, only with that part of the induced downwash which is produced 

by the second wing. If the wings are parallel and not staggered, the self-induced downwash 

can be assumed to be equal to the downwash of the corresponding monoplane—that is, ^ ~^2 

where L denotes the entire lift of the two wings. The entire induced downwash of each wing is 

There remains therefore 

L * 

2 Wirq 

L 

b2Trq 

as downwash of each wing induced by the other wing. 

This part of the induced drag can be considered as the effect of all the longitudinal vortices 

of the other wing, forming the layer where the flow is unsteady. In the plane at right angles 

at their ends, the downwash is exactly half of what it would be if the vortices were to extend 

infinitely in both directions. The change of downwash per unit of change of the longitudinal 

coordinate depends on the average distance of the investigated point from the longitudinal 
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vortices. It will be sufficient to consider only the middle of one wing and to calculate how 

great the change is there. The differential of change produced by one infinitesimal longitudinal 

vortex is 1/R of its induced downwash, where R denotes the distance -yJx2 + G2 between the 

middle of one wing and the origin of the longitudinal vortex in question. 

G denotes the gap and x the lateral coordinate. The intensity of the vorticity can be 

taken according to an elliptical distribution of lift over each wing; that is, proportional to 

xj-yjl —x2 for the span b=2. The downwash is then proportional to 

J^1 x dx 

o 
const. 

The change is proportional to 

L 

X* 

■x2 (x2 + G2) 

dx 

o VC?-*2) (%2jrG2)3 

and it follows that the average distance R must be taken as 

R = x x2dx 
b Jo V(I -x2) (x2 + G2)2 

The upper integral is 
T 
jLvrp] 

■y/(l—X2) (X2 + G2)3 

G 

F (p) — E (p) 

The lower integral is ^ " f+gz where F (p) and E (p) are the complete elliptic normal 

integrals for the modulus 

Hence 

1 
P = ■yjl + G2 

R_7T ■yJl+Ga-G 
b d F (p) - E (p) 

A staggered biplane of infinite span may have a lift coefficient and a moment 

coefficient Gmi = moment/qST. Hence the position of the center of pressure, CP = T Cm/CL. 

S is the entire area, i. e., the sum of the areas of the upper and lower wings. 

In order to deduce the moment coefficient and the CP for the same biplane, but with 
finite span b, define 

the new moment coefficient Cm2 = Cmi + Cm' 
the new center of pressure CP2 = CP1 + CP' 

The aerodynamical induction is equivalent to changing the effective angles of attack by equal 
and opposite amounts /3', where 

P T l1 \Jc■ ) 
S 
R 

in which s denotes the stagger and R is explained above. Hence the individual upper and 

lower lift coefficients are changed by equal and opposite amounts ±2irl3', so that the total 

lift coefficient remains unchanged. The corresponding changes in the two lifts are ±2ttP' S/2 q) 
so that these two produce a moment, their distance apart being s. Therefore the additional 

moment is 2ir(3' S/2 qs, corresponding to the additional moment coefficient 

rt S/2 qs _7T|S's 

°ra SjT~~~~T 
This additional moment coefficient divided by the total lift coefficient and multiplied by the 
chord T gives the change of the CP 

(jpt __ Cm rp_S 

%W0'5)' 
which is constant. 

C, a RTb2 
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The change of lift is produced by changes of the effective angle of attack; therefore the 

center of pressure which is moved is the center of pressure belonging to the lift due to the angle 

of attack. The other pole keeps its original position. An increase of the travel of center of 

pressure is the consequence, for the distance apart of the two poles is increased. The expres¬ 

sion for the arm contains the square of the stagger as long as the stagger is small. 

The induced difference of upper and lower lift depends on the stagger and is zero for un¬ 

staggered biplanes. It contains the angle of attack or the lift to the first power and the stagger 

directly. It may be called “primary” in analogy to the nomenclature of Part I, for there is 

still a secondary term of induced difference of upper and lower lift worth mentioning. This 

term comes in by the change of the effective stagger and therefore is always to be considered 

whether the biplane is staggered or not. The effective stagger of an unstaggered biplane is 

proportional to the effective angle of attack, for it results from the angle between the direction 

of the wings and the surrounding flow. The effect is proportional to the stagger and to the 

lift or angle of attack. Hence the square of the angle or of the lift occurs in the expression 

for the secondary induced difference of upper and lower lift, and the denomination “secondary” 

is fully justified. This secondary difference of lift has the opposite sign from the secondary 

lift resulting from the two-dimensional flow. For with increasing angle the upper wing moves 

backward and its lift decreases. Therefore the two secondary lifts have the opposite sign. 

The effective stagger is 
GQL 
2irB 

The change of each induced angle of attack is 

0i“ 
Cl* 8 n 

0.5\ 
G 
R 2tv2B b2 \k2 

and hence the change of the induced upper and lower lift coefficient is 

irB b2 \k2 U'° ) R 

The coefficient B is taken, assuming the lift to be produced by the angle of attack, 

a coefficient between B and B0 enters into the equation 
Otherwise 



THE DETERMINATION OF THE WING FORCES FOR PRACTICAL USE. 

7. THE AERODYNAMICAL COEFFICIENTS. 

The results of the theoretical investigation of the first two parts of this paper, together with 

experience from tests, make it possible to give simple rules for the determination of the wing 

forces. The application of these formulas is made more convenient by tables forming the fourth 

part of this paper and containing the results of the calculation to such an extent that there 

remains only some multiplication and addition work. The whole proceeding is restricted to the 

useful range of the angle of attack. The knowledge of the lift, drag, angle of attack, and center 

of pressure is important for the determination of the performance and stability of the airplane. 

These quantities can now be determined as exactly as other technical quantities and more 

easily and quickly than most of them. 

As in other departments of technics, it is useful in aeronautics to use absolute coefficients 

in order to express the different quantities. The most important coefficient is the lift coefficient. 

It is derived from the load per unit of wing area and is formed by dividing this unit load by the 

dynamical pressure, as indicated by the Pitot tube. This dynamical pressure can be taken from 

Table VII for any velocity and altitude. Nor is it difficult to calculate it according to the 

equation 
q=V2p/2 

where q denotes the dynamical pressure 

V the velocity and 
p the density of the air; that is, its specific weight divided by the acceleration of gravity g. 

The density decreases with the altitude and depends on the weather, so that Table VII gives only 

average values. At sea level, it can be assumed that 

lbs._i_ / J7 ft. V_ 1 l v mi.'V 
^ sq.ft. ~850 \ sec.) 390 \ hr.) 

With the use of Table VII, the lift coefficient can be quickly found for any altitude and velocity 

by dividing the load per unit of wing area by the values of this table 

There is some uncertainty as to what is to be considered as the entire wing area. The 

question is whether the tail plane and the space of the wing filled by the fuselage is to be con¬ 

sidered as additional wing area. This is not quite a matter of definition, for the decision affects 

the value of the different coefficients. These coefficients are chiefly determined from wind 

tunnel tests with models without tail planes and the space for the fuselage filled. It seems the 

best definition therefore to add the space for the body and to omit the tail plane. The difference 

is not very great on the whole and for most practical calculations the designer may take that 

load per unit of wing area he is accustomed to use. 

The drag coefficient is defined in the same way as the lift coefficient; that is, the drag per 

unit of wing area is divided by the dynamical pressure q. In the first place this refers to the 

entire drag of the airplane. But it is usual to divide the drag into several parts and it makes no 

difference whether the drag coefficient is divided into parts or the drag itself is divided and the 

coefficients of the parts formed afterwards. 
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This also holds true for the horsepower, corresponding to the different parts of the drag. 

The necessary horsepower is the product of drag times velocity, and an old formula can be 

obtained by expressing the velocity from the equation of the lift coefficient and substituting it 

in the expression for the horsepower. It appears then 

r,nSP__G^__ /W 
550 W Cl312 ^p/2 V s ' 

These are net horsepower per unit of weight; the engine has to deliver more horsepower accord¬ 

ing to the efficiency of the propeller. A small table for Cl3/2 Vp/^ is given as Table IV, where 

the expression can be taken directly for several lift coefficients and altitudes. Oj,3'2 -\j~pj2 is 

given in lbs.1/2 sec. ft.-2. 

It is easily seen from the formula for the unit horsepower, that it can be divided into several 

parts corresponding to the parts of the drag. The additional horsepower per unit weight for 

climbing is simply equal to the vertical velocity of climbing. 

The division of the drag ordinarily adopted is that into the drag of the wings and the drag 

other parts of the airplane. The coefficient of the latter part is generally assumed to be con¬ 

stant. This paper only deals with the wings. The drag coefficient of the wings is not constant 

but depends on the angle of attack. It is very useful now to divide the drag of the wings into 

two parts again, which are generally called section drag and induced drag. The section drag 

consists chiefly of the skin friction of the wings and other additional drag due to the viscosity 

of the air. It is analogous to the drag of the other parts of the airplane. It is essential to note 

that this drag coefficient depends practically on the wing section only, and that the coefficient, 

which is not very variable for different angle of attack within the useful range, is the same for 

different wing arrangements with the same wing section and the same lift coefficient. The 

induced drag coefficient behaves just the opposite way. It depends only on the arrangement 

of the wings and is equal for the same arrangement and different wing sections. It is very 

•variable for different angles of attack. For a particular airplane the induced drag is inversely 

proportional to the dynamical pressure; the coefficient of induced drag is inversely proportional 

to the square of the dynamical pressure or directly proportional to the square of the lift coeffi¬ 

cient. This quality makes the induced drag so useful for calculation, for, as a consequence, it 

can be easily calculated and laid down in tables. The general procedure for obtaining the drag 

of a particular airplane cellule is to take the drag coefficient from any test with the same wing 

section but not necessarily the same whig arrangement. This drag coefficient is divided into 

the two parts mentioned and the induced part is replaced by the induced drag coefficient of the 

new arrangement in question. This can be done simply, as will be shown now. 

8. DETERMINATION OF THE DRAG COEFFICIENT. 

The drag coefficient is obtained by splitting the known drag coefficient of an arrangement of 

wings not necessarily equal to the arrangement hi question but with equal wing section into the 

drag coefficient of section and the induced drag coefficient, and by replacing the induced drag 

coefficient by the induced drag coefficient of the new arrangment. This is done by the use of 
the following equation: 

(1) Cd2 — Cdi - Dl' 
CSV st 

7T \_b2Tc2 
A1 
bjc22_\ 

The lift coefficient occurs once only, for it is assumed that the two drag coefficients are com¬ 

pared with each other for the same lift coefficient. The designer who wishes to know the drag 

coefficient for any particular lift coefficient starts with the drag coefficient of the model at that 

same lift coefficient. The indices of the other symbols refer to the one or the other arrangement 

of wings. S is the entire area and b the greatest span. Tc1 and h2 are factors which depend 

merely on the gap/span ratio of the biplane and assume the value Tc = l for monoplanes. If the 

two spans of a biplane are slightly different, an average span is to be substituted. The values 

of are determined by the author empirically as described in a former paper (ref. 2). The 

theoretical values of &, which are its upper possible limits, are given in Table V and in Figure 3; 

both are plotted against the gap/span ratio. The differences are not very great. In view # 
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of the fact that the comparison has been made with one wing section only, and that it is difficult 

to obtain exact values of Tc, these values are not very reliable and an average curve must be 

taken until more comprehensive tests are made. The result of the calculation of the drag 

coefficient is practically unaffected by this small change of Tc. For rough calculation it is even 

sufficient to take once for all Tc = l for monoplanes and 1c = 1.1 for all biplanes used in practice. 

It is not necessary now to calculate actually the two induced drag coefficients and to 

exchange them with each other. In equation (1) there occurs the expression SJb2lc2. For 

monoplanes with rectangular plan view, for which Tc is 1, this is the inverse aspect ratio. It is 

helpful to introduce a name for S/b2Jc2, and since numerator and denominator both contain areas, 
it seems proper to call the expression “area ratio.” 

From equation (1) it can be seen now: 

The difference of the induced drag coefficients of two wing arrangements with different 

area ratios is equal to the induced drag coefficient of an arrangement having an area ratio equal 
to the difference of the two area ratios. 

The procedure is therefore this: 

(a) Determine the two area ratios SJb2lc2 and S2/b2%2 and subtract one from the other. 

(b) Take from Table VI the induced drag coefficient for this difference and subtract it from 
the original drag coefficient. 

The drag coefficient must be taken for the particular lift coefficient in question. If the 
different of the two area ratios is negative; that is, when the new arrangement has a greater 
area ratio, the figure from Table VI is to be added. If the difference of the two area ratios is 
so small that it is not contained in Table VI, take 10 times as great an area ratio and divide 
the result by 10. 

Example.—A model test with a single rectangular wing gives for a particular section 

Cd =0.OJfi for the lift coefficient 0.50. The drag coefficient is to be determined for a biplane 

with a ratio of the chords, gap, and span 1:1:6, and the same lift coefficient. The area section 

of the model is 1/6=0.167. Table VI gives 1c =1.11 for the biplane, hence its area ratio is 
2x6 

36 X 1 11 = ^' ^he difference of the two area ratios is 0.104. Table VI gives for 0. 104 

(first column) and' Cl 0.50 (on top) the answer 0.0083. This is to be added to 0.040, the area 

ratio of the model being smaller; and the final answer is Cr> =0.048. For wings with any other 

plan form the greatest span is always to be taken. Stagger and decalage do not materially 

influence the value of Tc. If one of the wings is very much smaller than the other, the whole 

arrangement approaches a monoplane. In this case one must interpolate between the Tc for 

the complete biplane with that particular gap/span ratio and Jc=l of a monoplane. The greatest 
of the spans is to be taken again. 

9. DETERMINATION OF THE ANGLE OF ATTACK. 

It is usual at present to ask what lift a certain biplane produces at a certain angle of attack, 

although it would be more natural to ask at which angle of attack the biplane produces a certain 

lift. For the weight of the airplane, and in consequence the lift, is the primary quantity known. 

In a wind-tunnel test, indeed, the angle of attack is the primary quantity and the lift is meas¬ 

ured afterwards. This is probably the reason for always beginning with the angle of attack. 

But the design of the airplane is the main object and the wind-tunnel tests only an auxiliary 

procedure to foster it. It is obvious that both questions finally lead to the same answer, for 

if the angle of attack is known for a greater number of lift coefficients, the lift coefficient for 

any angle of attack can be taken therefrom. It is, however, much more easy to calculate the 

angle if the lift coefficient is given, than the lift coefficient if the angle is given; and chiefly for 

this reason the problem is always so stated in the following that the lift coefficient is chosen 
and the angle of attack belonging to it is calculated. 

The connection between the lift and the angle of attack is more simple than that between 

the drag and the angle of attack, and can be calculated (ref. 3). Whether it be found by 

calculation or by tests, it may be supposed now that it is known for a particular arrangement 

of wings, monoplane or biplane, and it is asked how great the angle of attack belonging to a 
certain lift coefficient is for a second arrangement with the same wing section. 

53006—23-33 
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The difference of the two angles of attack for the same lift coefficient is due chiefly to two 

reasons: The induction and the interference between the upper and lower wing section. Hence 

the angle of attack necessary for producing a certain lift coefficient can be divided into three 

parts: (a) The original angle of attack belonging to the wing section in question and to the lift 

coefficient, (b) the additional induced angle of attack, and (c) the additional interference angle 

of attack. The procedure is now the same as before: The given angle of attack is split into 

the original angle of attack and the sum of the additional induced and interference angles of 

attack, and the second part is replaced by the corresponding sum of the two additional angles 

of attack for the new arrangement. The equation for this proceeding is the following: 

(2) 1 in radians. 

In this equation the index 1 again refers to one of the two biplanes or monoplanes and the index 

2 to the other. S/b2k2 is the same area ratio as before, k has the same value, which can be 

taken equal for all biplanes with the same gap/span ratio and is k =1 for monoplanes. 1 

gives the interference effect and is approximately a function of the gap/chord ratio only. 

It is true that it varies somewhat with the stagger and with the section, being smaller 

for the lift produced by the curvature of the section than for the lift produced by the inclina¬ 

tion of the section. But the curvature of all sections in actual use is not so very variable. 

Moreover, the interference angle is not great, so that the entire result is not very much affected 

if for each gap/chord ratio an average interference effect is taken. In Table I such an average 

value of the interference effect I is given as a function of the gap/chord ratio, c is always 

positive and is zero for the monoplane. 

The expression S/b2k2 + I can be considered as a kind of effective area ratio, being the 

area ratio which requires the same additional angle of attack as the real area ratio and inter¬ 

ference together. 

It is again seen that the difference of the two effective area ratios can be calculated first, and 

then the additional angle of attack can be taken from Table V for this difference. The figure of 

Table V has to be added again, if the effective area ratio is increased, otherwise subtracted. 

Example.—The same monoplane as before may have the angle of attack 2.0° for CL = 0.50. 
Which angle has the biplane ? 

The effective area ratio of the monoplane is 1/6 or 0.167 as before, there being no biplane 

interference. The biplane has the real area ratio 0.271 as before. The coefficient J of inter¬ 

ference is 0.060, as given by Table and Diagram I for the gap/chord ratio 1.0. The effective 

area ratio is 0.271+0.060 = 0.331. The difference of the two effective area ratios is 

0.331 —0.167 = 0.164- Table VIII gives for this value and CL = 0.50, 1.495° or approximately 
1.5°. Hence, the answer is 2.0° + 1.5° = 3.5°. 

10. DETERMINATION OF THE CENTER OF PRESSURE. 

As is known, the exact determination of the center of pressure is one of the most difficult 

problems. The approximate determination is not so difficult, however. 

The center of pressure of the unstaggered biplane is almost the same as that of a mono¬ 

plane with the same section and the same lift coefficient. Compared with the monoplane, it 

is moved slightly toward the leading edge, about 2 per cent of the chord for the ratio gap/chord 

equal one. The center of pressure is moved more for staggered biplanes, and it can be cal¬ 

culated in the easiest way by introducing the moment coefficient with respect to the center 

of the biplane. This moment coefficient is increased for two reasons, from induction and 

from interference. The increase from induction is 

(3) An r s S T[-b(llk2-0.5)-] 
4&s=<T>inL-r—J Cm 

and the increase from interference can be approximated by the formula: 

(4) A C^" = C+^08+'^4+C^~ 
where Cm refers to the monoplane. 
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These two additional moment coefficients are to be determined with the aid of Table III, 

which contains the last bracket of (3) as a function of gap/chord. If both arrangements are 

staggered biplanes, the one additional moment coefficient is to be subtracted and to be replaced 

by the new one. In most cases one of the two arrangements only is a staggered biplane, and 
then the additional moment coefficients are to be added. 

The symbols in the expressions have the same meaning as before, that is, s denotes the 
stagger, T the chord, S the entire wing area, and b the greatest span. 

11. CONCLUSION. 

The investigation thus finished is not as exact as is desirable, chiefly in the first part. If 

the thickness of the section is finite, it is better to subtract from the length of the chord half of 

the radius of curvature of the leading edge, as explained in a former paper, before substituting 

in the formulas (ref. 3). The calculation of the two-dimensional flow around a staggered biplane 

ought to be continued for more values of the variables, and it is much to be regretted that the 

computation lor this paper could not be made exact to four places, owing to technical diffi¬ 
culties. 

The investigation of the biplane, chiefly of the staggered biplane, by model tests ought 

to be continued. The tests are likely to give more general and useful results if they are made 

with symmetrical sections, in order to separate the two different influences and if they are 
completed with different cambered sections at moderate angles of attack. 





TABLES AND DIAGRAMS. 
S area of both wings. 
q dynamic pressure. 
L entire lift of both wings. 
a angle of attack, where a = 0 means that the chord coincides with the direction of the air how. 
/3 angle of attack, where (3 = 0 means that the moment around the center of the wing is zero. 

C 
(30 = is the effect due to curvature, Cl0 being the lift coefficient for $ = 0. 

Tchord. 
s stagger. 

I. TWO-DIMENSIONAL FLOW, UNSTAGGERED BIPLANE. 

Lift produced by curvature L0=2 tv S q sin /3050. 
Coordinates of C. P., x0 = O, y0 = 0. 
Lift produced by angle of attack L = 2 tv S q sin /3 B. 
Coordinates of C. P., x= T, y = 0. 

s r 
Secondary repulsive force between the wings ^ q sin2&v Cl2 

2 TV2B2 ■*} 
a, Additional angle of attack in order to compensate for loss of lift — /. 
TV 

Additional lift coefficient for decalage ±5, ±2 tv j B0 (1 +2d)8. 
L 

O .2 .4 .6 .8 1.0 1.4 16 1.8 20 
Gap 

chord. 

Table I. 

Gap 
chord 

B Bo X XB0 C V J d Bo (1+Sd) 

00 1 1 1/4 1/4 0 0 0 0 1 

57.7 1 1 0.250 0.250 .053 .000 .000 .000 1.00 

13.88 0.997 0.999 .250 .250 .238 .000 .000 .000 1.00 

5.76 .992 .996 .252 .250 .530 .001 .002 .004 1.00 

2.87 .972 .981 .254 .250 1.00 .003 .012 .012 1.01 

2.02 .948 .974 .257 .250 1.32 .019 .024 .028 1.03 

1.46 .912 .954 .262 .250 1.62 .047 .030 .055 1.06 

1.11 .872 .934 .266 .248 1.82 .062 .055 .092 1.10 

.98 .851 .923 .269 .248 1.91 .088 .060 .110 1.12 

.79 .811 .902 .273 .246 2.01 .129 .082 .160 1.19 

.64 .775 .880 .276 .242 2.07 .154 .104 .210 1.25 

.56 .751 .868 .278 .241 2.11 .182 .116 .250 1.30 

.46 .717 .846 .279 .236 2.13 .200 .135 .320 1.38 

.39 .692 .833 .280 .233 2.14 .223 .151 .390 1.48 
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II. TWO-DIMENSIONAL FLOW, STAGGERED BIPLANE. 

Lift produced by curvature, L0 = 2 x S q sin p0 B0. 

Coordinates of C. P., x0T, y0T. 

Lift produced by angle of attack, L = 2 x S <7 sin /3 B. 

Coordinates of C. P., xT, yT. 

Difference of primary upper and lower lift: 

Lift of curvature, 2 x S <7 sin /30 C0. 

Lift of angle of attack, 2 x S q sin 5 C. 

Table II. 

Gap 

chord 

Stagger 

chord 
B Bo C Co X Xq y yo Stagger 

gap 

1.51 0.32 0.91 0.96 0.046 0.041 0.28 0.01 0.025 0.03 0.21 
1.44 .60 .915 .93 .092 .126 .35 .03 .05 .10 .42 
1.32 .83 .925 .87 .125 .213 .41 ' .08 .07 .16 .63 
1.10 .25 .88 .95 .054 .056 .28 .005 .03 .03 .23 
1.04 .49 .89 .94 .095 .155 .31 .03 .05 .09 .47 
1.00 .68 .895 .87 .145 .246 .36 .08 .08 .14 .68 
.776 .20 .82 .92 .046 .034 .29 .005 .03 .015 .26 
.742 .38 .83 .92 .100 .152 .33 .03 .06 .06 .51 
.740 .53 .83 .89 .186 .302 .40 .08 .08 .125 .72 
.600 .78 .83 .72 .232 .545 .56 .31 .14 .23 1 30 

III. AERODYNAMICAL INDUCTION. 

TJ 
Minimum induced drag, B = j2 h2 

•C max 0 x q 
TJ 

Induced drag, D = - 
k2 b2 x <7 

Additional lift coefficient of individual staggered wings ±2 CLp \ 

Additional arm of moment as produced by st agger and induction, T p (jp — 0.5^ ^ 

DIAGRAM FOR TABLE III. 

0 ./ .2 .3 .4 .5 
Gap 

span. 

Table III. 

Gap 

span kmax k2max 

R 
b rGw-0-5) fc 

0 1 0.50 0.20 2.5 1 
.05 1.06 .39 .27 1.5 1.02 
.10 1.10 .32 .32 1.0 1.05 
.15 1.13 .28 .37 .75 1.09 
.20 1.16 .24 .42 .57 1.15 
.30 1.21 .18 .50 .36 1.21 
.40 1.24 .14 .57 .25 
.50 1.27 .11 .65 .17 .... 
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Table IY.—Calculation of horsepower. 

Cl, 3/2 Vf lbs. V2 sec. ft.~2 

Attitude in feet. 

Cl \j\j 

0 5000 10,000 20,000 30,000 40,000 50,000 

0.1 0.0011 0.0010 0.0009 0.0008 0.0007 0.0006 0.0005 0.1 
.2 .0031 .0028 .0026 .0022 .0019 .0015 .0014 .2 
.3 .0056 .0052 .0048 .0041 .0035 .0028 .0025 .3 
.4 .0086 .0080 .0074 .0063 .0054 .0043 .0039 .4 
.5 .0121 .0112 .0103 .0087 .0075 .0060 .0054 .5 
.6 .0159 .0148 .0136 .0115 .0098 .0079 .0071 .6 
.7 .0201 .0186 .0171 .0145 .0124 .0100 .0090 .7 
.8 .0243 .0226 .0207 .0176 .0151 .0121 .0109 .8 
.9 .0291 .0270 .0248 .0211 .0180 .0145 .0131 .9 

1.0 .0343 .0318 .0292 .0248 .0212 .0171 .0154 1.0 
1.1 .0395 .0367 .0337 .0286 .0245 .0197 .0178 1.1 
1.2 .0451 .0418 .0384 .0326 .0279 .0225 .0203 1.2 
1.3 .0507 .0171 .0432 .0367 .0314 .0253 .0228 1.3 
1.4 .0565 .0525 .0482 .0409 .0350 .0282 .0254 1.4 
1.5 .0624 .0579 .0531 .0451 .0386 .0311 .0280 1.5 
1.6 .0696 .0645 .0593 . 0503 .0430 .0347 .0313 1.6 
1.7 .0761 .0706 .0648 .0550 .0471 .0380 .0342 1.7 
1.8 .0830 .0769 .0707 .0600 .0513 .0414 0373 1.8 
1.9 .0902 .0836 .0768 .0652 .0557 .0450 .0405 1.9 

2.0 .0974 .0903 .0829 .0704 .0602 0486 .0437 2.0 
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Table V. 

1 

Area 
ratio 

S/ kW. 

Aspect 
ratio 

kW/S. 

Induced drag coefficient. 

Area 
ratio 

s/r-b 2. 
Aspect 
ratio 

mys. 
Lift coefficient CL. 

0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 

10.0 0.1 0.0318 0.1273 0.2865 0.5093 0.7958 1.446 1.560 2.037 2.578 3.183 10.0 n i 
5.0 .2 .0159 .0637 .1433 .2547 .3980 .5731 .7801 1.019 1.290 1.592 5.0 -2 
3.33 .3 .0106 .0424 .0955 .1698 .2652 .3820 .5199 .6790 .8594 1.061 3.33 .3 

2.30 .4 .0080 .0318 .0716 .1274 .1990 .2866 .3900 .5094 .6448 .796 2.50 4 
2.00 .5 .0064 .0254 .0572 .1018 .1590 .2290 .3116 .4070 .5152 .636 2.00 . 5 
1.667 .6 .0053 .0212 .0478 .0849 .1326 .1910 .2600 .3396 .4298 .5306 1.667 .6 

1.429 .7 .0046 .0182 .0409 .0728 .1137 .1627 .2228 .2911 .3684 . 4548 1.429 7 
1.25 .8 .0040 .0159 .0358 .0636 .0995 .1034 .1949 .2546 .3222 .3978 1.25 ! 8 
1.11 .9 .0035 .0141 .0318 .0566 .0884 . 1273 .1733 .2263 .2864 .3536 1.11 .9 

1.00 1.0 .0032 .0127 .0287 .0509 .0796 .1146 .1560 .2037 .2578 .3183 1.00 1.0 

.909 1.1 .0029 .0116 .0261 .0463 .0724 .1042 .1418 .1852 .2344 .2894 .909 1 1 

.833 1.2 .0027 .0106 .0239 .0424 .0663 .0955 .1299 .1697 .2148 .2652 .833 1.2 

.769 1.3 .0025 .0098 .0220 .0392 .0612 .0881 .1110 .1567 .1983 .2448 .769 1.3 

.714 1.4 .0023 .0091 .0205 .0364 .0569 .0819 .1114 . 1455 .1842 .2274 .714 1 4 

.667 1.5 .0021 .0085 .0191 .0340 .0531 .0764 .1040 .1358 .1719 .2122 .667 1 5 

.625 1.6 .0020 .0080 .0179 .0318 .0497 .0716 .0975 .1273 .1611 .1989 ' .625 1.6 

.588 1.7 .0019 .0075 .0169 .0300 .0468 .0674 .0917 .1198 .1516 . 1872 .588 1.7 

.556 1.8 .0018 .0071 .0159 .0283 .0442 .0637 .0866 .1132 .1432 .1768 .556 1. 8 

.526 1.9 .0017 .0067 .0151 .0268 .0419 .0603 .0821 .1072 .1357 .1675 .526 1.9 

.500 2 0 .0016 .0064 .0143 .0255 .0398 .0573 .0780 .1019 .1290 .1592 .500 2.0 

.476 2.1 .0015 .0061 .0136 .0243 .0379 .0546 .0743 .0970 .1228 .1516 .476 2.1 
.455 2.2 .0015 .0058 .0130 . 0232 .0368 .0521 .0709 .0926 . 1172 .1447 .455 2.2 
.435 2.3 .0014 .0055 .0125 .0221 .0346 •. 0498 .0678 .0886 .1121 .1384 .435 2.3 

.417 2.4 .0013 .0053 .0119 .0212 .0332 .0477 .0650 . 0849 .1074 .1326 .417 2.4 

.400 2.5 .0013 .0051 .0115 .0204 .0318 .0458 .0624 .0815 .1031 .1273 .400 2.5 

. 385 2.6 .0012 .0049 .0110 .0196 .0306 .0441 .0600 .0783 .0991 .1224 .385 2.6 

.371 2.7 .0012 .0047 .0106 . 0189 .0295 .0424 .0578 .0755 .0955 .1179 .371 2.7 

.357 2.8 .0011 .0045 .0102 .0182 .0284 .0409 .0557 .0728 .0921 .1137 .357 2.8 

.346 2.9 .0011 .0044 .0099 .0176 .0275 .0395 .0538 .0703 .0889 .1098 .346 2.9 

.333 3.0 .0011 .0042 .0096 .0170 .0265 .0382 .0520 .0679 .0859 .1061 .333 3.0 

.323 3.1 .0010 .0041 .0092 .0164 .0257 .0370 .0503 .0657 .0832 .1027 .323 3.1 

. 313 3.2 .0010 .0040 .0090 .0159 .0249 .0358 .0488 .0637 .0806 .0995 .313 3.2 

.303 3.3 .0010 .0039 .0087 .0154 .0241 .0347 .0472 .0617 .0781 .0964 .303 3.3 

.294 3.4 .0009 .0037 .0084 .0150 .0234 .0337 . 0459 .0599 .0758 .0936 .294 3.4 .286 3.5 .0009 .0036 .0082 .0145 .0227 .0327 .0445 .0582 .0736 .0909 .286 3.5 . 278 3.6 .0009 .0035 .0080 .0141 .0221 .0318 .0433 .0566 .0716 .0884 .278 3.6 

.270 3.7 .0009 .0034 .0077 .0138 .0215 .0310 .0421 .0550 .0697 . 0S60 .270 3.7 • 263 3.8 .0008 .0034 .0075 .0134 .0210 .0302 .0411 .0536 .0679 .0838 .263 3.8 

. 256 3.9 .0008 .0033 .0073 .0131 .0204 .0294 .0400 .0522 .0661 .0816 .256 3.9 

.250 4.0 .0008 ,0032 .0072 .0127 .0199 .0287 .0390 .0509 .0645 .0796 .250 4.0 

.244 4.1 .0008 .0031 .0070 .0124 .0194 .0279 .0380 .0497 .0629 .0776 .244 4.1 . 238 4.2 .0008 .0030 .0068 .0121 .0190 .0273 .0371 .0485 .0614 .0758 .238 4.2 .233 4.3 .0007 .0030 .0067 .0118 .0185 .0266 .0363 .0476 .0994 .0740 .233 4.3 

.227 4.4 .0007 .0030 .0065 .0116 .0181 .0261 .0355 .0463 .0586 .0724 .227 4.4 . 222 4. 5 .0007 .0028 .0064 .0113 .0177 .0255 .0346 .0453 .0573 .0707 .222 4.5 . 217 4.6 .0007 .0028 .0062 .0111 .0173 .0249 .0339 .0443 .0561 .0692 .217 4.6 

.213 4.7 .0007 .0027 .0061 .0108 .0169 .0244 .0332 .0433 .0548 .0677 .213 4.7 . 208 4.8 .0007 .0027 .0060 .0106 .0166 .0239 .0325 .0424 .0537 .0663 .208 4.8 . 204 4.9 .0007 .0026 .0059 .0104 .0163 .0234 .0319 .0416 .0527 .0650 .204 4.9 

200 5.0 .0006 .0025 .0057 .0102 .0159 .0229 0312 .0408 .0516 .0637 .200 5.0 
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Table Y—Continued. 

Area 
ratio 

S/WbK 

Aspect 
' ratio 
kW/S. 

Induced drag coefficient. 

Area 
ratio 

S/W. 

Aspect 
ratio 

kW/S. 
Lift coefficient CL. 

1.10 1.20 1.30 1.40 1.50 1.60 1.70 1.80 1.90 2.00 

10.0 0.1 3.852 4.584 5.379 6.239 7.162 8.149 9.199 10.31 11.49 12.73 10.0 0.1 
5.0 .2 1.926 2.292 2.690 3.120 3.582 4.075 4.601 5.158 5. 747 6.368 5.0 .2 
3.33 .3 1.284 1.528 1.793 2.080 2.387 2.716 3.066 3.438 3.830 4.244 3.33 .3 

2.50 .4 .9632 1.146 1.345 1.560 1.791 2.038 2.300 2.579 2.874 3.184 2.50 .4 
2.00 . 5 .7696 .9158 1.075 1.247 1.431 1.628 1.838 2.061 2.296 2.544 2.00 .5 
1.667 .6 .6420 .7641 .8967 1.040 1.194 1.358 1.533 1.719 1.915 2.122 1.667 .6 

1.429 .7 .5503 .6549 .7686 .8914 1.023 1.164 1.314 1.474 1.642 1.819 1.429 .7 
1.25 .8 .4813 .5728 .6723 .7797 .8950 1.018 1.150 1.289 1.436 1.591 1.25 .8 
1.11 .9 .4279 .5092 .5976 .6931 .7956 .9052 1.022 1.146 1.276 1.414 1.11 .9 

1.00 Co .3852 .4584 .5379 .6239 .7162 .8149 .9199 1.031 1.149 1.273 1.00 2.0 

.909 1.1 .3502 .4167 .4891 .5672 .6512 .7409 .8364 .9377 1.045 1.158 .909 1.1 

.833 1.2 .3209 .3819 .. 4482 .5198 .5967 .6789 .7664 .8592 .9574 1.061 .833 1.2 

.769 1.3 .2962 .3525 .4137 .4798 .5508 .6267 .7075 .7932 .8837 .9792 .769 1.3 

.714 1.4 .2752 .3275 .3843 .4457 .5116 .5821 .6572 .7368 .8209 .9096 .714 1.4 

.667 1.5 .2568 .3056 .3586 .4159 .4774 .5432 .6133 .6875 .7560 .8488 .667 1.5 

.625 1.6 .2407 .2864 .3361 .3898 .4475 .5092 .6748 .6444 .7180 .7956 .625 1.6 

.588 1.7 .2265 .2695 .3164 .3669 .4212 .4792 .5410 .6065 .6758 .7488 .588 1.7 

.556 1.8 .2139 .2646 .2988 .3464 .3978 .4526 .5110 .5728 .6382 .7072 .556 1.8 

.526 1.9 .2027 • .2412 .2831 .3283 .3769 .4288 .4841 .5427 .6047 .6700 .526 1.9 

.500 2.0 .1926 .2292 .2690 .3120 .3582 .4076 .4601 .5158 .5747 .6368 .500 2.4 

.476 2.1 .1834 .2183 .2562 .2971 .3411 .3881 .4381 .4912 .5473 .6064 .476 2.1 

.455 2.2 .1751 .2084 . 2445 .2836 .3256 .3704 .4182 .4688 .5224 .5788 .455 2.2 

.435 2.3 .1675 .1993 .2339 .2713 .3114 .3543 .4000 .4484 .4996 .5536 .435 2.3 

.417 2.4 .1604 .1909 .2241 .2599 .2984 .3396 .3832 .4296 .4787 .5304 .417 2.4 

.400 2.5 .1540 .1833 .2151 .2495 .2864 .3259 .3679 .4124 .4596 .5092 .400 2.5 

.385 2.6 .1481 .1763 .2069 .2399 .2754 .3133 .3537 .3966 .4419 .4896 .385 2.6 

.371 2.7 .1427 .1698 .1992 .2311 .2653 .3018 .3407 .3820 .4256 .4716 .371 2.7 

.357 2.8 .1376 .1637 .1922 .2228 .2558 .2911 .3286 .3684 .4105 .4548 .357 2.8 

.346 2.9 .1329 .1581 .1856 .2152 .2471 .2811 .3173 .3558 .3964 .4392 .346 2.9 

.333 3.0 .1284 .1528 .1793 .2080 .2387 .2716 .3066 .3438 .3830 .4244 .333 3.0 

.323 3.1 .1243 .1479 .1736 .2013 .2311 .2629 .2968 .3328 .3708 .4108 .323 3.1 

.313 3.2 .1204 .1433 .1682 .1950 .2239 .2547 .2876 .3224 .3592 .3980 .313 3.2 

.303 3.3 .1166 .1388 .1629 .1889 .2169 .2468 .2786 .3123 .3480 .3856 .303 3.3 

.294 3.4 .1133 .1348 .1582 .1835 .2100 . 2396 .2705 .3033 .3379 .3744 .294 3.4 

.286 3.5 .1100 .1309 .1536 .1782 .2045 .2327 .2627 .2945 .3282 .3636 .286 3.5 

.278 3.6 .1070 .1273 .1494 .1733 .1989 .2263 .2555 .2864 .3191 .3536 .278 3.6 

.270 3.7 .1041 .1238 .1453 .1686 .1935 .2202 .2485 .2786 .3106 .3440 .270 3.7 

.263 3.8 .1014 .1207 .1416 . 1642 .1886 .2145 .2422 .2715 .3025 .3352 .263 3.8 

.256 3.9 .0987 .1175 .1379 .1599 .1836 .2089 .2358 .2644 .2946 .3264 .256 3.9 

.250 4.0 .0963 .1146 .1345 .1560 .1791 .2038 .2300 .2579 .2874 .3184 .250 4.0 

.244 4.1 .0939 .1117 .1311 .1521 .1746 . 1987 .2243 .2514 .2801 .3104 .244 4.1 

.238 4.2 .0917 .1092 .1281 .1486 .1706 . 1940 .2191 .2456 .2736 .3032 .238 4.2 

.233 4.3 .0895 .1066 .1251 .1450 .1665 .1894 .2139 .2398 .2671 .2960 .233 4.3 

.227 4.4 .0876 .1043 .1224 .1419 .1629 .1853 .2092 .2346 .2614 .2896 .227 4.4 

.222 4.5 .0856 .1018 .1195 .1386 .1591 .1810 .2043 .2291 .2552 .2828 .222 4.5 

.217 4.6 .0837 .0997 .1170 .1356 .1557 .1772 .2000 .2242 .2498 .2768 .217 4.6 

.213 4.7 .0819 .0975 .1144 .1327 .1523 .1733 .1956 .2194 .2444 .2708 .213 4.7 

.208 4.8 .0802 .0955 .1120 .1300 .1492 .1697 . 1916 .2148 .2393 .2652 .208 4.8 

.204 4.9 .0787 .0936 .1098 .1274 .1462 .1664 .1878 .2106 .2346 .2600 .204 4.9 

.200 5.0 .0771 .0917 .1076 .1248 .1433 .1631 .1841 .2064 .2300 .2548 .200 5.0 
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Table V—Continued. 

Induced drag coefficient. 

Area 
ratio 

S/kW. 

Aspect 
ratio 
mys. 

Lift coefficient Cl. 
Area 
ratio 

S/kW. 

Aspect 
ratio 
mys. 

0.10 0. 20 0.30 0. 40 0.50 0.60 0.70 0.80 0.90 1.00 

0.196 
.192 
.188 

5.1 
5.2 
5.3 

0.0006 
.0006 
.0006 

0.0025 
.0025 
.0024 

0.0056 
.0055 
.0054 

0.0100 
.0098 
.0096 

0.0156 
.0153 
.0150 

0.0225 
.0220 
.0216 

0.0306 
.0300 
.0295 

0.0399 
.0392 
.0385 

0.0505 
.0496 
.0487 

0.0624 
.0612 
.0602 

0.196 
.192 
.188 

5.1 
5.2 
5.3 

.185 

.182 

. 179 

5.4 
5.5 
5.6 

.0006 

.0006 

.0006 

.0024 

.0023 

.0023 

.0053 

.0052 

.0051 

.0094 

.0093 

.0091 

.0148 

.0145 

.0142 

.0212 

.0208 

.0204 

.0289 

.0284 

.0278 

.0378 

.0372 

.0364 

.0478 

.0469 

.0460 

.0590 

.0579 

.0568 

.185 

. 182 

.179 

5.4 
5.5 
5.6 

.175 

.172 

.169 

5.7 
5.8 
5.9 

.0006 

.0006 

.0005 

.0022 

.0022 

.0022 

.0050 

.0049 

.0049 

.0089 

.0088 

.0086 

.0140 

.0137 

.0135 

.0201 

.0198 

.0194 

.0273 

.0269 

.0265 

.0357 

.0351 

.0346 

.0452 

.0445 

.0437 

. 0559 

.0549 
,0540 

.175 

.172 

.169 

5.7 
5.8 
5.9 

.166 6.0 .0005 .0021 .0048 .0085 .0133 .0191 .0260 .0340 .0430 .0531 *.166 6.0 

.164 

.161 

.159 

6.1 
6.2 
6.3 

.0005 

.0005 

.0005 

.0021 

.0021 

.0020 

.0047 

.0046 

.0045 

.0084 

.0082 

.0082 

.0131 

.0128 

.0126 

.0188 

.0185 

.0182 

.0256 

.0251 

. 0247 

.0334 

.0328 

.0323 

.0423 

.0416 

.0409 

.0522 

.0513 

.0505 

.164 

.161 

. 159 

6.1 
6.2 
6.3 

.156 

.154 

. 152 

6.4 
6.5 
6.6 

.0005 

.0005 
.0005 

.0020 

.0020 

.0019 

.0045 

.0044 

.0043 

.0080 

.0078 

.0077 

.0125 

.0123 

.0121 

.0179 

.0176 

.0174 

.0244 

.0240 

.0236 

.0319 

.0314 

.0309 

.0403 

.0397 

.0390 

.0498 

.0490 

.0482 

.156 

.154 

.152 

6.4 
6.5 
6.6 

. 149 

.147 

.145 

6.7 
6.8 
6.9 

.0005 

.0005 

.0005 

.0019 

.0019 

.0018 

.0043 

.0042 

.0042 

.0076 

.0075 

.0074 

.0119 

.0117 

.0115 

.0171 

.0169 

.0166 

.0233 

.0229 

.0226 

.0304 

.0300 

.0295 

.0385 

.0379 

.0373 

.0475 

.0468 

.0461 

.149 

.147 

.145 

6.7 
6.8 
6.9 

.143 7.0 .0005 .0018 .0041 
A 

.0073 .0114 .0164 .0223 .0291 .0369 .0455 .143 7.0 

.140. 

.139 

. 137 

7.1 
7.2 
7.3 

.0005 

.0004 

.0004 

.0018 

.0018 

.0017 

.0040 

.0040 

.0039 

.0072 

.0071 

.0070 

.0112 

.0111 

.0109 

.0161 

.0159 

.0157 

.0220 

.0217 

.0214 

.0287 

.0283 

.0279 

.0363 

.0358 

.0353 

.0448 

.0442 

.0436 

.140 

.139 

.137 

7.1 
7.2 
7.3 

.135 

.133 

.132 

7.4 
7.5 
7.6 

.0004 

.0004 

.0004 

.0017 

.0017 

.0017 

.0039 

.0038 

.0038 

.0069 

.0068 

.0067 

.0108 

.0106 

.0105 

.0155 

.0153 

.0151 

.0211 

.0208 

. 0204 

.0275 

.0271 

.0268 

.0348 

.0343 

.0339 

.0430 

.0424 

.0419 

.135 

.133 

.132 

7.4 
7.5 
7.6 

.130 

.128 

.127 

7.7 
7.8 
7.9 

.0004 

.0004 

.0004 

.0017 

.0017 

.0016 

.0037 

.0037 

.0036 

.0066 

.0065 

.0065 

.0104 

.0102 

.0102 

.0149 

.0147 

.0145 

.0203 

.0200 

.0198 

.0265 

.0261 

.0258 

.0335 

.0331 

.0326 

.0414 

.0408 

.0403 

.130 

.128 

.127 

7.7 
7.8 
7.9 

.125 8.0 .0004 .0016 .0036 .0064 .0100 .0143 .0195 .0255 .0322 .0398 .125 8.0 

.124 

.122 

.121 

8.1 
8.2 
8.3 

.0004 

.0004 

.0004 

.0016 

.0016 

.0016 

.0035 

.0035 

.0035 

.0063 

.0062 

.0061 

.0098 

.0097 

.0096 

.0142 

.0140 

.0138 

.0193 

.0190 

.0188 

.0252 

.0248 

.0246 

.0318 

.0314 

.0311 

.0393 

.0388 

.0384 

.124 

.122 

.121 

8.1 
8.2 
8.3 

.110 

.118 

.116 

8.4 
8.5 
8.6 

.0004 

.0004 

.0004 

.0015 

.0015 

.0015 

.0034 

.0034 

.0033 

.0061 

.0060 

.0059 

.0095 

.0094 

.0093 

.0136 

.0135 

.0133 

.0186 

.0183 

.0181 

.0243 

.0239 

.0237 

.0307 

.0303 

.0300 

.0379 

.0374 

.0370 

.119 

.118 

.116 

8.4 
8.5 
8.6 

.115 

.114 

.112 

8.7 
8.8 
8.9 

.0004 

.0004 
* .0004 

.0015 
.0015 
.0014 

.0033 

.0033 

.0032 

.0059 

.0058 

.0057 

.0092 

.0091 

.0090 

.0132 

.0130 

.0129 

.0179 

.0177 

.0175 

.0234 

.0232 

.0229 

.0297 

.0293 

.0290 

.0366 

.0362 

.0358 

.115 

.114 

.112 

8.7 
8.8 
8.9 

.111 9.0 .0004 .0014 .0032 .0057 .0089 .0127 .0174 .0227 .0287 .0354 .111 9.0 

.110 

.109 

.107 

9.1 
9.2 
9.3 

.0004 

.0004 

.0003 

.0014 

.0014 

.0014 

.0032 

.0031 

.0031 

.0056 

.0055 

.0055 

.0088 

.0087 

.0086 

.0126 

.0125 

.0123 

.0172 

.0170 

.0168 

.0224 

.0221 

.0219 

.0284 

.0280 

.0277 

.0350 

.0346 

.0342 

.110 

.109 

.107 

9.1 
9.2 
9.3 

.106 

.105 

.104 

9.4 
9.5 
9.6 

.0003 

.0003 

.0003 

.0014 

.0013 

.0013 

.0031 

.0030 

.0030 

.0054 

.0054 

.0053 

.0085 

.0084 

.0083 

.0122 

.0121 

.0120 

.0166 

.0164 

.0163 

.0217 

.0214 

.0213 

.0275 

.0271 

.0270 

.0339 

.0335 

.0332 

.106 

.105 

.104 

9.4 
9.5 
9.6 

.103 

.102 

.101 

9.7 
9.8 
9.9 

.0003 

.0003 

.0003 

.0013 

.0013 

.0013 

.0030 

.0029 

.0029 

.0053 

.0052 

.0052 

.0082 

.0081 

.0081 

.0118 

.0117 

.0116 

.0161 

.0159 

.0158 

.0210 

.0208 

.0206 

.0266 

.0263 

.0261 

.0328 

.0325 

.0322 

.103 

.102 

.101 

9.7 
9.8 
9.9 

.100 10.0 .0003 .0013 .0029 .0052 .0080 .0115 .0156 .0204 .0258 .0318 .100 10.0 
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Table Y—Continued. 

Area 
ratio 

S/kW. 

Aspect 
ratio 

IcW/S. 

Induced drag coefficient. 

Area 
ratio 
s/m\ 

Aspect 
ratio 

kW/S. 
Lift coefficient CL. 

1.10 1.20 1.30 1.40 1.50 1.60 1.70 1.80 1.90 2.00 

0.196 5.1 0. 0755 0.0899 0.1055 0.1223 0.1404 0.1597 0.1803 0.2022 0. 2253 0. 2496 0.196 5.1 
. 192 5.2 .0741 .0881 .1034 .1200 . 1377 .1567 .1769 .1983 .2209 .2448 .192 5.2 

. 188 5.3 .0727 .0865 .1016 .1178 .1352 .1539 .1737 .1917 .2170 .2404 . 188 5.3 

. 185 5.4 .0714 .0849 .0997 . 1156 . 1328 .1510 .1705 .1912 .2130 .2360 185 5.4 

. 182 5.5 .0701 . 0834 .0979 . 1135 .1303 .1482 . 1673 .1876 .2090 .2316 .182 5.5 

.179 5.6 . 0687 .0818 .0960 .1113 .1278 .1454 . 1642 .1840 .2050 .2272 . 179 5.6 

.175 5.7 .0675 .0804 .0943 .1094 .1256 .1428 . 1616 .1811 .2018 .2232 .175 5.7 

.172 5.8 .0684 .0791 .0928 . 1076 . 1235 .1405 . 1587 .1777 .1982 .2196 . 172 5.8 

.169 5.9 .0653 .0778 .0913 .1058 .1215 .1382 .1561 .1750 .1949 .2160 .109 5.9 

.166 6.0 .0643 .0765 .0897 .1041 .1195 .1359 .1535 .1720 .1917 .2124 .166 6.0 

.164 6.1 .0632 .0752 .0882 .1023 . 1174 .1336 . 1509 .1691 .1884 .2088 .164 6.1 

.161 6.2 .0621 .0739 .0867 .1006 . 1154 .1313 .1483 .1662 .1852 . 2052 .161 6.2 

.159 6.3 .0611 .0727 .0853 .0990 .1136 .1293 .1460 .1636 .1823 .2020 .159 6.3 

.156 6.4 .0603 .0717 .0842 .0976 .1120 .1275 .1439 .1614 .1798 .1992 .156 6.4 

.154 6.5 . 0593 .0706 .0828 .0960 . 1102 . 1254 . 1416 .1588 .1769 . 1960 . 154 6.5 

.152 6.6 . 0583 .0694 .0815 .0945 .1084 .1234 .1393 . 1562 .1740 .1928 .152 6.6 

.149 6.7 . 0575 . 0684 .0803 .0931 . 1069 . 1216 .1373 .1539 .1715 .1900 .149 6.7 

.147 6.8 .0566 .0674 .0791 .0917 .1053 . 1198 .1352 . 1516 . 1690 . 1872 . 147 6.8 

.145 6.9 .0558 .0664 .0779 .0904 .1037 .1180 . 1332 . 1494 .1664 .1844 .145 6.9 

.143 7.0 .0551 .0655 .0769 .0892 .1024 .1165 .1315 .1474 .1642 .1820 .143 7.0 

.140 7.1 .0542 .0645 .0757 . 0878 .1008 .1147 . 1295 .1452 .1617 .1792 .140 7.1 

.139 7.2 .0535 .0637 .0747 .0866 .0994 . 1132 . 1277 .1432 .1596 .1768 . 139 7.2 

.137 7.3 .0528 .0628 .0737 .0855 .0981 .1116 .1260 .1413 .1574 .1744 .137 7.3 

.135 7.4 .0520 .0619 .0727 .0843 .0968 .1101 .1243 . 1393 .1552 .1720 .135 7.4 

.133 7.5 . 0513 .0611 .0717 .0831 .0954 .1085 .1225 .1374 .1531 .1696 .133 7.5 

.132 7.6 .0507 . 0603 .0708 .0821 .0943 .1073 .1211 . 1358 .1513 .1676 . 132 7.6 

.130 7.7 .0501 .0596 .0700 .0811 .0932 .1060 .1196 .1341 .1494 .1656 .130 7.7 

.128 7.8 .0494 .0588 .0690 .0800 .0918 . 1044 . 1179 .1322 . 1473 .1632 . 128 7.8 

.127 7.9 .0488 .0580 .0681 .0790 .0907 .1032 .1165 . 1306 .1455 . 1612 .127 7.9 

.125 8.0 .0482 .0573 .0673 .0780 .0896 .1019 .1150 .1290 .1437 .1592 .125 8.0 

.124 8.1 .0476 . 0566 .0664 .0770 .0884 .1006 .1136 . 1273 .1419 .1572 .124 8.1 

.122 8.2 .0470 .0559 .0656 .0761 .0873 .0993 . 1121 . 1257 . 1401 . 1552 .122 8.2 

.121 8.3 .0465 .0553 .0647 .0753 .0864 .0983 .1110 .1244 .1386 .1536 .121 8.3 

.119 8.4 .0459 .0546 .0641 . 0743 .0853 .0970 .1095 .1228 .1368 .1516 .119 8.4 

.118 8.5 .0453 .0539 .0632 .0733 .0842 .0957 .1081 .1212 . 1350 . 1496 . 118 8.5 

.116 8.6 .0448 .0533 .0625 .0725 .0833 .0947 . 1069 .1199 .1336 .1480 .116 8.6 

.115 8.7 .0443 .0527 .0619 .0717 .0824 .0937 . 1058 .1186 .1321 .1464 .115 8.7 

. 114 8.8 .0438 . 0521 .0612 .0710 .0815 .0927 .1046 . 1173 . 1307 .1448 . 114 8.8 

.112 8.9 .0433 .0516 .0605 .0702 .0806 .0917 .1035 .1160 .1292 .1432 .112 S. 9 

.111 9.0 .0428 .0510 .0598 .0694 .0797 .0906 .1023 .1147 .1278 .1416 .111 9.0 

.110 9.1 .0424 .0504 .0592 . 0686 .0788 .0896 .1012 .1134 .1264 .1400 .110 9.1 

.109 9.2 .0419 .0498 . 0585 .0678 .0779 .0886 . 1004 . 1121 .1249 . 1384 .109 9.2 

.107 9.3 .0414 .0493 .0578 .0670 .0770 .0876 .0988 .1108 . 1235 .1368 .107 9.3 

.106 9.4 .0410 .0488 . 0573 .0664 .0763 .0868 .0980 .1098 .1224 .1356 .106 9.4 

.105 9.5 .0405 .0482 .0566 .0657 .0754 .0858 .0968 . 1085 . 1209 .1340 . 105 9.5 

.104 9.6 .0402 .0478 .0561 .0651 .0747 .0850 .0960 .1076 .1198 .1328 . 104 9.6 

.103 9.7 .0397 .0472 .0554 .0643 .0738 .0840 .0948 .1063 .1184 .1312 .103 9.7 

.102 9.8 .0393 .0468 . 0549 .0637 .0731 .0832 .0939 .1053 . 1173 . 1300 . 102 9.8 

.101 9.9 .0390 .0464 .0544 . 0631 .0725 .0824 .0931 .1043 .1162 .1288 .101 9.9 

.100 10.0 .0385 .0458 .0537 .0623 .0716 .0814 .0919 .1030 .1148 .1272 .100 10.0 
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Table VI. 

Area 
ratio 

S/kW. 

Aspect 
ratio 
mys. 

Induced angle of attack in degrees. 

Area 
ratio 

Aspect 
ratio 
nys. 

Lift coefficient CL. 

0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 

10.0 0.1 18.238 36.476 54. 713 72.951 91.189 109.427 127.665 145.902 164.140 182.378 10.0 0.1 
5.0 .2 9.119 18. 238 27.357 36. 476 45.595 54. 713 63.832 72.951 82.070 91.189 5.0 .2 
3.33 .3 6.073 12.146 18. 220 24. 293 30.366 36.439 42.512 48.585 54.659 60.732 3.33 .3 

2. 50 .4 4.559 9.119 13.678 18.238 22.797 27.357 31.916 36.476 41.035 45. 595 2.50 .4 
2.00 .5 3.648 7.295 10.943 14.590 18.238 21. 885 25.533 29.180 32. 828 36.476 2.00 .5 
1.667 .6 3.040 6.080 9.121 12.161 15.201 18.241 21.282 24.322 27.362 30.402 1.667 .6 

1.429 .7 2.606 5.212 7.819 10.425 13.031 15.637 18.243 20. 849 23.456 26.062 1.429 .7 
1.25 .8 2. 280 4.559 6.839 9.119 11.399 13.678 15.958 18. 238 20.517 22.797 1.25 .8 
1.11 .9 2.024 4.049 6.073 8.098 10.122 12.146 14.171 16.195 18. 220 20.244 1.11 .9 

1.00 1.0 1.824 3.648 5.471 7.295 9.119 10.943 12. 766 14. 590 16. 414 18.238 1.00 1.0 

.909 1.1 1.658 3.316 4.973 6.631 8.289 9.947 11.605 13.262 14.920 16.578 .909 1.1 

.833 1.2 1.519 3.038 4.558 6.077 7.596 9.115 10.634 12.154 13.673 15.192 .833 1.2 

.769 1.3 1.402 2.805 4.207 5.610 7.012 8.415 9. 817 11.220 12.622 14.025 .769 1.3 

.714 1.4 1.302 2.604 3.907 5.209 6.511 7.813 9.115 10.417 11.720 13.022 .714 1.4 

.667 1.5 1.216 2.433 3.649 4.866 6.082 7.299 8.515 9.732 10.948 12.165 .667 1.5 

.625 1.6 1.140 2.280 3.420 4.559 5.699 6.839 7.979 9.119 10.259 11.399 .625 1.6 

.588 1.7 1.072 2.145 3.217 4.290 5.362 6.434 7.507 8. 579 9.651 10. 724 .588 1.7 

.556 1.8 1.014 2.028 3.042 4.056 5.070 6.084 7.098 8.112 9.126 10.140 .556 1.8 

.526 1.9 .959 1.919 2.878 3.837 4.797 5.756 6. 715 7.674 8.634 9.593 .526 1.9 

.500 2.0 .912 1.824 2.736 3.648 4.559 5.471 6.383 7.295 8.207 9.119 .500 2.0 

.476 2.1 .868 1.736 2.604 3.472 4.341 5.209 6.077 6.945 7.813 8.681 .476 2.1 

.455 2.2 .830 1.660 2.489 3.319 4.149 4.979 5.809 6.638 7.468 8.298 .455 2.2 

.435 2.3 .793 1.587 2.380 3.173 3.967 4. 760 5.553 6. 347 7.140 7.933 .435 2.3 

.417 2.4 .761 1.521 2.282 3.042 3.803 4.563 5.324 6.084 6.845 7.605 .417 2.4 

.400 2.5 .730 1.459 2.189 2.918 3.648 4.377 5.107 5.836 6.566 7.295 .400 2.5 

.385 2.6 .702 1.404 2.106 2.809 3.511 4.213 4.915 5.617 6.319 7.022 .385 2.6 

.371 2.7 .677 1.353 2.030 2. 706 3.383 4.060 4.736 5. 413 6.090 6.766 .371 2.7 

.357 2.8 .651 1.302 1.953 2.604 3.255 3.906 4.558 5.209 5. 860 6.511 .357 2.8 

.346 2.9 .631 1.262 1.893 2. 524 3.155 3. 786 4.417 5.048 5.679 6.310 .346 2.9 

.333 3.0 .607 1.215 1.822 2.429 3.037 3.644 4.251 4.858 5.466 6.073 .333 3.0 

.323 3.1 .589 1.178 1.767 2.356 2.945 3.534 4.124 4.713 5.302 5.891 .323 3.1 

.313 3.2 .571 1.142 1.713 2.283 2.854 3.425 3.996 4.567 5.138 5.708 .313 3.2 

.303 3.3 .553 1.105 1.658 2.210 2.763 3.316 3.868 4.421 4.973 5.526 .303 3.3 

.294 3.4 .536 1.072 1.609 2.145 2.681 3. 217 3.753 4.290 4.826 5.362 .294 3.4 

.286 3.5 .522 1.043 1.565 2.086 2.608 3.130 3.651 4.173 4.794 5.216 .286 3.5 

.278 3.6 .507 1.014 1.521 2.028 2.535 3.042 3.549 4.056 4.563 5.070 .278 3.6 

.270 3.7 .492 .985 1.477 1.970 2.462 2.955 3.447 3.939 4.432 4.924 .270 3.7 

.263 3.8 .480 .959 1.439 1.919 2.398 2. 878 3.358 3.837 4.317 4.797 .263 3.8 

.256 3.9 .467 .934 1.401 1.868 2.334 2.801 3.268 3.735 4.202 4.669 .256 3.9 

.250 4.0 .456 .912 1.368 1.824 2.280 2.736 3.192 3.648 4.103- 4.559 .250 4.0 

.244 4.1 .445 .890 1.335 1.780 2.225 2.670 3.115 * 3.560 4.005 4.450 .244 4.1 

.238 4.2 .434 .868 1.302 1.736 2.170 2.604 3.038 3.472 3.906 4.341 .238 4.2 

.233 4.3 .425 .850 1.275 1.700 2.125 2.550 2.975 3.400 3.824 4.249 .233 4.3 

.227 4.4 .414 .828 1.242 1.656 2.070 2.484 2.898 3.312 3.726 4.140 .227 4.4 

.222 4.5 .405 .810 1.215 1.619 2.024 2.429 2.834 3.239 3.644 4.049 .222 4.5 

.217 4.6 .396 .792 1.187 1.583 1.979 2.375 2.770 3.166 3.562 3.958 .217 4.6 

.213 4.7 .388 .777 1.165 1.554 1.942 2.331 2.719 3.108 3.496 3.885 .213 - 4.7 

.208 4.8 .379 .759 1.138 1.517 1.897 2.276 2.655 3.035 3. 414 3.793 .208 4.8 

.204 4.9 .372 .744 1.116 1.488 1.860 2.232 2.604 2.976 3.348 3.721 .204 4.9 

.200 5.0 .365 .730 1.094 1.459 1.824 2.189 2.553 2.918 3.283 3.648 .200 5.0 
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Table VI—Continued. 

Area 
ratio 

s/m*. 

Aspect 
ratio 

k-bVS. 

Induced angle of attack in degrees. 

Area 
ratio 

S/kW. 

Aspect 
ratio 

kW/S. 
Lift coefficient Cj,. 

1.10 1.20 1.30 1.40 1.50 1.60 1.70 1.80 1.90 2.00 

10.0 0.1 200.616 218. 854 237.091 255.329 273. 567 291. 805 310.043 328.280 346. 518 364.756 10.0 0. 1 
5.0 .2 100.308 109.427 118. 546 127.665 136.784 145. 902 155.021 164.140 173. 259 182.378 5.0 .2 
3.33 .3 66. 805 72. 878 78. 951 85.025 91.098 97.171 103.244 109.317 115.391 121.464 3.33 .3 

2.50 .4 50.154 54.713 59.273 63. 832 68.392 72. 951 77.511 82.070 86.630 91.189 2.50 .4 
2.00 .5 40.123 43.771 47. 418 51.066 54.713 58.361 62.009 65.656 69.304 72.951 2.00 .5 
1.667 .6 33.443 36.483 39. 523 42.563 45.604 48.644 51.684 54.724 57.765 60.805 1.667 .6 

1.429 .7 28.668 31.274 33.880 36.487 39.093 41. 699 44.305 46.911 49. 517 52.124 1.429 .7 
1.25 .8 25.077 27.357 29.636 31.916 34.196 36.476 38.755 41.033 43.315 45.594 1.25 .8 
1.11 .9 22.268 24.293 26.317 28.341 30.366 32.390 34.415 36.439 38.463 40.488 1.11 .9 

1.00 1.0 20.062 21. 885 23.709 25.533 27.357 29.180 31.004 32.828 34.652 36.476 1.00 1.0 

.909 1.1 18.236 19.894 21. 552 23.209 24. 867 26.525 28.183 29. 841 31.498 33.156 .909 1.1 

.833 1.2 16.711 18.231 19. 750 21. 269 22.788 24. 307 25.827 27.346 28. 865 30.384 .833 1.2 

.769 1.3 15.427 16. 830 18.232 19.635 21.037 22.440 23.842 25.245 26.647 28.050 .769 1.3 

.714 1.4 14.324 15. 626 16.928 18.230 19. 533 20.835 22.137 23.439 24.741 26.043 .714 1.4 

.667 1.5 13.381 14. 598 15. 814 17.030 18. 247 19. 463 20.680 21. 896 23.113 24.329 .667 1.5 

.625 1.6 12.538 13.678 14. 818 15.958 17.098 18.238 19.378 20. 517 21.657 22.797 .625 1.6 

.588 1.7 11.796 12. 869 13.941 15.013 16.086 17.158 18.230 19.303 20.375 21.448 .588 1.7 

.556 1.8 11.154 12.168 13.182 14.196 15.210 16.224 17.238 18.252 19.266 20.280 .556 1.8 

.526 1.9 10. 552 11.512 12.471 13.430 14. 390 15.349 16.308 17. 267 18.227 19.186 .526 1.9 

.500 2.0 10.031 10.943 11.855 12.766 13.678 14. 590 15.502 16.414 17.326 18. 238 .500 2.0 

.476 2.1 9.549 10.417 11. 285 12.154 13.022 13.890 14. 758 15.626 16.494 17.362 .476 2.1 

.455 2.2 9.128 9.958 10.788 11.617 12.447 13.277 14.107 14.937 15.766 16. 596 .455 2.2 

.435 2.3 8.727 9.520 10.313 11.107 11.900 12.693 13.487 14.280 15.073 15. 867 .435 2.3 

.417 2.4 8.366 9.126 9.887 10.647 11. 408 12.168 12.929 13.689 14.450 15.210 .417 2.4 

.400 2.5 8.025 8.754 9.484 10. 213 10.943 11.672 12.402 13.131 13.861 14. 590 .400 2.5 

.385 2.6 7.724 8.426 9.128 9.830 10.532 11.234 11.937 12.639 13.341 14. 043 .385 2.6 

.371 2.7 7.443 8.119 8.796 9.473 10.149 10.826 11.503 12.179 12. 856 13. 532 .371 2.7 

.357 2.8 7.162 7. 813 8.464 9.115 9.766 10.417 11.068 11.719 12.371 13.022 .357 2.8 

.346 2.9 6.941 7.572 8.203 8.834 9.465 10.096 10.727 11.358 11.989 12.620 .346 2.9 

.333 3.0 6.680 7.288 7.895 8.502 9.110 9.717 10.325 10.932 11. 539 12.146 .333 3.0 

.323 3.1 6.480 7.069 7.658 8.247 8.836 9.425 10.014 10.603 11.193 11. 782 .323 3.1 

.313 3.2 6.279 6.850 7.421 7.992 8.563 9.133 9.704 10. 275 10. 846 11.417 .313 3.2 

.303 3.3 6.079 6.631 7.184 7.736 8.289 8.842 9.394 9.947 10.499 11.052 .303 3.3 

.294 3.4 5.898 6.434 6. 970 7.507 8.043 8.579 9.115 9.651 10.188 10. 724 .294 3.4 

.286 3.5 5.738 6.259 6.781 7.302 7.824 8.346 8.867 9.389 9.910 10. 432 .286 3.5 

.278 3.6 5.577 6.084 6.591 7.098 7.605 8.112 8.619 9.126 9.633 10.140 .278 3.6 

.270 3.7 5.417 5.909 6.401 6.894 7.386 7.879 8.371 8.864 9.356 9.848 .270 3.7 

.263 3.8 5.276 5.756 6.235 6.715 7.195 7.674 8.154 8.634 9.113 9.593 .263 3.8 

.256 3.9 5.136 5.603 6.069 6. 536 7.003 7.470 7.937 8.404 8.871 9.338 .256 3.9 

.250 4.0 5.015 5.471 5.927 6.383 6.839 7.295 7.751 8.207 8.663 9.119 .250 4.0 

.244 4.1 4.895 5.340' 5.785 6.230 6. 675 7.120 7. 565 8.010 8.455 8.900 .244 4.1 

.238 4.2 4.775 5.209 5.643 6.077 6. 511 6.945 7.379 7. 813 8.247 8.681 .238 4.2 

.233 4.3 4.674 5.099 5.524 5.949 6.374 6.799 7.224 7.649 8.074 8.499 .233 4.3 

.227 4.4 4.554 4.968 5.382 5.796 6.210 6.624 7.038 7.452 7.866 8.280 .227 4.4 

.222 4.5 4.454 4.858 5.263 5.668 6.073 6.478 6. 883 7.288 7.693 8.097 .222 4.5 

.217 4.6 4.353 4. 749 5.145 5.541 5.936 6.332 6.728 7.124 7.519 7.915 .217 4.6 

.213 4.7 4.273 4.662 5.050 5.438 5.827 6. 215 6.604 6.992 7.381 7.769 .213 4.7 

.208 4.8 4.173 4. 552 4.931 5.311 5.690 6.069 6.449 6.828 7.207 7.587 .208 4.8 

.204 4.9 4.093 4.465 4.837 5.209 5.581 5.953 6.325 6.697 7.069 7.441 .204 4.9 

.200 5.0 4. 012 4. 377 4.742 5.107 5.471 5.836 6.201 6. 566 6.930 7.295 .200 5.0 
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Table VI—Continued. 

Area 
ratio 
S/W. 

Aspect 
ratio 

kW/S. 

Induced angle of attack in degrees. 

Area 
ratio 
S/k»bK 

Aspect 
ratio 

k*tfi]8. 
Lift coefficient CL. 

0.10 0.20 0.30 0.40 0.50 0.60 0.70 0. 80 0.90 1.00 

0.196 5.1 0.357 0.715 1.072 1.430 1.787 2.145 2.502 2.860 3.217 3.575 0.196 5.1 
.192 5.2 .350 .700 1.050 1.401 1.751 2.101 2.451 2.801 3.151 3.502 .192 5.2 
.188 5.3 .343 .686 1.029 1.371 1.714 2.057 2.400 2.743 3.086 3.429 .188 5.3 

.185 5.4 .337 .675 1.012 1.350 1.687 2.024 2.362 2.699 3.037 3.374 .185 5.4 

.182 5.5 .332 .664 .996 1.328 1.660 1.992 2.323 2.655 2.987 3.319 .182 5.5 

.179 5.6 .326 .653 .979 1.306 1.632 1.959 2.285 2.612 2.938 3.265 .179 5.6 

.175 5.7 .319 .638 .957 1.277 1.596 1.915 2.234 2.553 2.872 3.192 .175 5.7 

.172 5.8 .314 .627 .941 1.255 1.568 1.882 2.196 2.510 2.823 3.137 .172 5.8 

.169 5.9 .308 .616 .925 1.233 1.541 1.849 2.157 2.466 2.774 3.082 .169 5.9 

.166 6.0 .303 .605 .908 1.211 1.514 1.816 2.119 2.422 2.725 3.027 .166 6.0 

.164 6.1 .299 .598 .897 1.196 1.495 1.795 2.094 2.393 2.692 2.991 .164 6.1 

.161 6.2 .294 .587 .881 1.174 1.468 1.762 2.055 2.349 2.643 2.936 .161 6.2 

.159 6.3 .290 .580 .870 1.160 1.450 1.740 2.030 2.320 2.610 2.900 .159 6.3 

.156 6.4 .285 .569 .854 1.138 1.423 1.707 1.992 2.276 2.561 2.845 .156 6.4 

.154 6.5 .281 .562 .843 1.123 1.404 1.685 1.966 2.247 2.528 2.809 .154 6.5 

.152 6.6 .277 .554 .832 1.109 1.386 1.663 1.940 2.218 2.495 2.772 .152 6.6 

.149 6.7 .272 .543 .815 1.087 1.359 1.630 1.902 2.174 2.446 2.717 .149 6.7 

.147 6.8 .268 .536 .804 1.072 1.340 1.609 1.877 2.145 2.413 2.681 .147 6.8 

.145 6.9 .264 .529 .793 1.058 1.322 1.587 1.851 2.116 2.380 2.644 .145 6.9 

.143 7.0 .261 .522 .782 1.043 1.304 1.565 1.826 2.086 2.347 2.608 .143 7.0 

.140 7.1 .255 .511 .766 1.021 1.277 1.532 1.787 2.043 2.298 2.553 .140 7.1 

.139 7.2 .254 .507 .761 1.014 1.268 1.521 1.775 2.028 2.282 2.535 .139 7.2 

.137 7.3 .250 .500 .750 .999 1.249 1.499 1.749 1.999 2.249 2.499 .137 7.3 

.135 7.4 .246 .492 .739 .985 1.231 1.477 1.723 1.970 2.216 2.462 .135 7.4 

.133 7.5 .243 .485 .728 .970 1.213 1.455 1.698 1.940 2.183 2.426 .133 7.5 

.132 7.6 .241 .481 .722 .963 1.204 1.444 1.685 1.926 2.167 2.407 .132 7.6 

.130 7.7 .237 .474 .711 .948 1.185 1.423 1.660 1.897 2.134 2.371 .130 7.7 

.128 7.8 .233 .467 .700 .934 1.167 1.401 1.634 1.868 2.101 2.334 .128 7.8 

.127 7.9 .232 .463 .695 .926 1.158 1.390 1.621 1.853 2.085 2.316 .127 7.9 

.125 8.0 .228 .456 .684 .912 1.140 1.368 1.596 1.824 2.052 2.280 .125 8.0 

.124 8.1 .226 .452 .678 .905 1.131 1.357 1.583 1.809 2.035 2.261 .124 8.1 

.122 8.2 .223 .445 .668 .890 1.113 1.335 1.558 1.780 2.003 2.225 .122 8.2 

.121 8.3 .221 .441 .662 .883 1.103 1.324 1.545 1.765 1.986 2.207 .121 8.3 

.119 8.4 .217 .434 .651 .868 1.085 1.302 1.519 1.736 1.953 2.170 .119 8.4 

.118 8.5 .215 .430 .646 .861 1.076 1.291 1.506 1.722 1.937 2.152 .118 8.5 

.116 8.6 .212 .423 .635 .846 1.058 1.269 1.481 1.692 1.904 2.116 .116 8.6 

.115 8.7 .210 .419 .629 .839 1.049 1.258 1.468 1.678 1.888 2.097 .115 8.7 

.114 8.8 .208 .416 .624 .832 1.040 1.247 1.455 1.663 1.871 2.079 .114 8.8 

.112 8.9 .204 .409 .613 .<517 1.021 1.226 1.430 1.634 1.838 2.043 .112 8.9 

.111 9.0 .202 .405 .607 .810 1.012 1.215 1.417 1.619 1.822 2.024 • 111 9.0 

.110 9.1 .201 .401 .602 .802 1.003 1.204 1.404 1.605 1.805 2.006 .110 9.1 

.109 9.2 .199 .398 .596 .795 .994 1.193 1.392 1.590 1.789 1.988 .109 9.2 

.-107 9.3 .195 .390 .585 .781 .976 1.171 1.366 1.561 1.756 1.951 .107 9.3 

.106 9.4 .193 .387 .580 .773 .967 1.160 1.353 1.547 1.740 1.933 .106 9.4 

.105 9.5 .191 .383 .574 .766 .957 1.149 1.340 1.532 1.723 1.915 .105 9.5 

.104 9.6 .190 .379 .569 .759 .948 1.138 1.328 1.517 1.707 1.897 .104 9.6 

.103 9.7 .188 .376 .564 .751 .939 1.127 1.315 1.503 1.691 1.878 .103 9.7 

.102 9.8 .186 .372 .558 .744 .930 1.116 1.302 1.488 1.674 1.860 .102 9.8 

.101 9.9 .184 .368 .553 .737 .921 1.105 1.289 1.474 1.658 1.842 .101 9.9 

.100 10.0 .182 .365 .547 .729 .912 1.094 1.277 1.459 1.641 1.824 .100 10.0 
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Table YI—Continued. 

Area 
ratio 

S/fc» 6». 

Aspect 
ratio 

k*b*IS. 

Induced angle of attack in degrees. 

Area 
ratio 

S/kW. 

Aspect 
ratio 

kW/S 
Lift coefficient Cl. 

1.10 1.20 1.30 1.40 1.50 1.60 1.70 1.80 1.90 2.00 

0.196 5.1 3.932 4.290 4.647 5.004 5.362 5.719 6.077 6.434 6.792 7.149 0.196 5.1 

.192 5.2 3. 852 4.202 4.552 4. 902 5.252 5.603 5.953 6.303 6. 653 7.003 . 192 5.2 

.188 5.3 3.772 4.114 4.457 4.800 5.143 5. 486 5.829 6.172 6. 515 6. 857 .188 5.3 

.185 5.4 3.711 4. 049 4. 386 4.723 5.061 5. 398 5.736 6.073 6. 410 6.748 .185 5.4 

.182 5.5 3.651 3.983 4.315 4.647 4.979 5.311 5.643 5.975 6. 306 6.638 .182 5.5 

.179 5.6 3.591 3.917 4.244 4.570 4.897 5.223 5. 550 5.876 6.203 6.529 .179 5.6 

.175 5.7 3.511 3. 830 4.149 4.468 4. 787 5.107 5.426 5.745 6.064 6.383 .175 5.7 

.172 5.8 3.451 3.764 4. 078 4.392 4.705 5.019 5.333 5.646 5.960 6. 274 .172 5.8 
. 169 5.9 3.390 3.699 4.007 4. 315 4.623 4.931 5. 240 5.548 5.856 6.164 .169 5.9 

.166 6.0 3.330 3.633 3.936 4.238 4. 541 4.844 5.147 5.449 5.752 6.055 .166 6.0 

.164 6.1 3.290 3.589 3.888 4.187 4. 486 4. 785 5. 085 5.384 5.683 5.982 .164 6.1 

.161 6.2 3.230 3.523 3. 817 4. Ill 4.404 4.698 4.992 5.285 5.579 5.872 .161 6.2 

.159 6.3 3.190 3.480 3.770 4.060 4.350 4.640 4.930 5. 220 5.510 5.800 .159 6.3 

.156 6.4 3.130 3.414 3.699 3. 983 4.268 4.552 4. 837 5.121 5.406 5.690 .156 6.4 

.154 6.5 3.089 3.370 3.651 3.932 4.213 4.494 4.775 5. 055 5.336 5.617 .154 6.5 

.152 6.6 3.049 3.327 3.604 3. 881 4.158 4.435 4.713 4. 990 5.267 5. 544 .152 6.6 

.149 6.7 2.989 3.261 3.533 3.804 4.076 4. 348 4.620 4.891 5.163 5.435 .149 6.7 

.147 6.8 2.949 3.217 3.485 3.753 4.021 4.289 4. 558 4.826 5.094 5.362 .147 6.8 

.145 6.9 2.909 3.173 3.438 3.702 3.967 4.231 4.495 4.760 5.024 5.289 .145 6.9 

.143 7.0 2.869 3.130 3.390 3.651 3.912 4.173 4.434 4.694 4. 955 5.216 .143 7.0 

.140 7.1 2. 809 3.064 3.319 3.574 3. 830 4.085 4.340 4.596 4. 851 5.106 .140 7.1 

.139 7.2 2.789 3.042 3.296 3.549 3. 803 4. 056 4.310 4.563 4. 817 5.070 .139 7.2 

.137 7.3 2.748 2.998 3.248 3.498 3.748 3.998 4.247 4.497 4.747 4.997 .137 7.3 

.135 7.4 2.708 2.955 3.201 3. 447 3.693 3.939 4.186 4.432 4.678 4.924 .135 7.4 

.133 7.5 2.668 2.911 3.153 3.396 3.638 3.881 4.124 4.366 4.609 4. 851 .133 7.5 

.132 7.6 2.648 2.889 3.129 3.370 3.611 3. 852 4.092 4.333 4.574 4.815 . 132 7.6 

. 130 7.7 2.608 2.845 3.082 3.319 3.556 3.793 4.031 4.268 4. 505 4.742 .130 7.7 

.128 7.8 2. 568 2.801 3.035 3.268 3.502 3.735 3.968 4.202 4.435 4.669 .128 7.8 

.127 7.9 2. 548 2.779 3. 011 3.243 3.474 3.706 3.938 4.169 4.401 4.632 .127 7.9 

.125 8.0 2.508 2.736 2.964 3.192 3.420 3.648 3.875 4.103 4.331 4.559 .125 8.0 

.124 8.1 2.488 2.714 2.940 3.166 3.392 3.618 3.844 4.071 4.297 4.523 .124 8.1 

.122 8.2 2.448 2.670 2.903 3.115 3.338 3. 560 3.783 4. 005 4.228 4.450 .122 8.2 

.121 8.3 2.427 2.648 2.869 3.089 3.310 3.531 3.751 3.972 4.193 4.413 .121 8.3 

.119 8.4 2.387 2.604 2.821 3.038 3.255 3.472 3.689 3.906 4.123 4.340 .119 8.4 

.118 8.5 2.367 2. 582 2.798 3.013 3.228 3.443 3.658 3.874 4.089 4.304 .118 8.5 

.116 8.6 2.327 2.539 2.750 2.962 3.173 3.385 3.596 3. 808 4.019 4.237 .116 8.6 

.115 8.7 2.307 2. 517 2.726 2.936 3.146 3.356 3.565 3.775 3.985 4.195 .115 8.7 

. 114 8.8 2.287 2.494 2.703 2.911 3.119 3.327 3.534 3.742 3.950 4.158 .114 8.8 

.112 8.9 2.247 2.451 2.655 2.860 3.064 3.268 3.472 3.677 3.881 4.085 .112 8.9 

.111 9.0 2. 227 2.429 2.632 2. 834 3.036 3.239 3.441 3.644 3.846 4.049 .111 9.0 

. 110 9.1 2.207 2.407 2.608 2.809 3.009 3.210 3.410 3.611 3.812 4.012 .110 9.1 

.109 9.2 2.187 2.385 2.584 2.783 2.982 3.181 3.379 3.578 3.777 3.976 .109 9.2 

.107 9.3 2.147 2.342 2.537 2.732 2.927 3.122 3.317 3.513 3.708 3.903 .107 9.3 

.106 9.4 2.127 2.320 2.513 2.706 2.900 3.093 3.286 3.480 3.673 3.866 .106 9.4 

.105 9.5 2.106 2.298 2.489 2.681 2.872 3. 064 3.255 3. 447 3.638 3.830 .105 9.5 

.104 9.6 2.086 2.276 2.466 2.655 2.845 3.035 3.224 3.414 3.604 3.793 .104 9.6 

.103 9.7 2. 066 2.254 2.442 2. 630 2.818 3.005 3.193 3.381 3.569 3.757 .103 9.7 

.102 9.8 2.046 2.232 2.418 2.604 2.790 2.976 3.162 3.348 3.534 3.720 .102 9.8 

.101 9.9 2.026 2.210 2.395 2.579 2.763 2. 947 3.131 3.316 3.500 3.684 . 101 9.9 

.100 10.0 2.006 2.188 2.371 2. 553 2.736 2.918 3.100 3.283 3.465 3.647 .100 10.0 
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Table VII. 

Speed 
m.p.h. 

— 

Dynamic pressure in lbs./sq. ft. 

Altitude in feet. 

0 5,000 10,000 15,000 20,000 25,000 30,000 35,000 40,000 45,000 50,000 

1 0.003 0.002 0.002 0.002 0.001 0.001 0.001 0.001 0.001 0.001 0 001 2 .010 .009 .007 .006 .005 .005 .004 .003 .003 .002 , oo? 3 .023 .020 .017 .014 .012 .010 .009 .007 .006 .005 .005 

4 .041 .035 .030 .025 .022 .018 .016 .013 .011 .010 . 008 5 .064 .055 .047 .040 .034 .029 .024 .021 .018 .015 - 013 6 .092 .079 .067 .057 .049 .041 .035 .030 .026 .022 .019 

7 .126 .107 .091 .078 .066 .056 .048 .041 .035 .030 . Q25 8 .164 .140 .119 .101 .086 .074 .063 .053 .045 .039 . 033 9 .208 .177 .151 .128 .109 .093 .079 .067 .058 .049 .042 

10 .256 .219 .186 .159 .135 .115 .098 .084 .071 .061 .052 

11 .310 .264 .225 .192 .164 .139 .119 .101 .086 .073 - 063 12 .369 .315 .268 .228 .195 .166 .141 .120 .103 .087 . 074 13 .433 .369 .315 .268 .228 .195 .166 .141 .120 .103 .087 

14 .503 .428 .365 .311 .265 .226 .192 .164 .140 . 119 -101 15 .577 .492 .419 .357 .304 .259 .221 .188 .160 . 136 116 16 .656 .559 .476 .406 .346 .295 .251 .214 .182 .155 .132 

17 .741 .631 .538 .458 .390 .333 .283 .242 .206 .175 . 14Q 18 .831 .708 .603 .514 .438 .373 .318 .271 .231 . 197 . 167 19 .926 .789 .672 .572 .488 .416 .354 .302 .257 .219 .187 

20 1.03 .874 .745 .634 .540 .461 .392 .334 .285 .243 .207 

21 1.13 .963 .821 .699 .596 .508 .433 .369 .314 .268 . 22K 22 1.24 1.06 .901 .768 .654 .557 .475 .404 .345 .294 . 260 23 1.36 1.16 .985 .839 .715 .609 .519 .442 .377 .321 .273 

24 1.48 1.26 1.07 .913 .778 .663 .565 .481 .410 .349 . 208 25 1.60 1.37 1.16 .991 .844 .719 .613 .522 .445 .379 . 323 26 1.73 1.48 1.26 1.07 .913 .778 .663 .565 .481 .410 .349 

27 1.87 1.59 1.36 1.16 .985 .839 .715 .609 .519 .442 .377 28 2.01 1.71 1.46 1.24 1.06 .903 .769 .655 .558 .476 . 405 29 2.16 1.84 1.57 1.33 1.14 .968 .825 .703 .599 .510 .435 

30 2.31 1.97 1.68 1.43 1.22 1.04 .883 .752 .641 .546 .465 

31 2.46 2.10 1.79 1.52 1.30 1.11 .943 .803 .684 .583 . 497 32 2.63 2.24 1.91 1.62 1.38 1.18 1.00 .855 .729 .621 .529 33 2.79 2.38 2.03 1.73 1.47 1.25 1.07 .910 .775 .660 .563 

34 2.96 2.53 2.15 1.83 1.56 1.33 1.13 .966 .823 .701 .597 3.14 2.68 2.28 1.94 1.66 1.41 1.20 1.02 .872 .743 .633 3635 3.32 2.83 2.41 2.06 1.75 1.49 1.27 1.08 .922 .786 .670 

37 3.51 2.99 2.55 2.17 1.85 1.58 1.34 1.14 .974 .830 . 708 38 3.70 3.15 2.69 2.29 1.95 1.66 1.42 1.21 1.03 .876 .746 39 3.90 3.32 2.83 2.41 2.06 1.75 1.49 1.27 1.08 .923 .786 

40 4.10 3.50 2.98 2.54 2.16 1.84 1.57 1.34 1.14 .971 .827 

41 4.31 3.67 3.13 2.67 2.27 1.94 1.65 1.40 1.20 1.02 .869 42 4.52 3.85 3.28 2.80 2.38 2.03 1.73 1.47 1.26 1.07 . 911 43 4.74 4.04 3.44 2.93 2.50 2.13 1.81 1.55 1.32 1.12 .956 

44 4.96 4.23 3.60 3.07 2.62 2.23 1.90 1.62 1.38 1.17 1.00 45 5.19 4.42 3.77 3.21 2.74 2.33 1.99 1.69 1.44 1.23 1.05 46 5.43 4.62 3.94 3.36 2.86 2.44 2.08 1.77 1.51 1.28 1.09 

47 5.66 4.83 4.11 3.50 2.98 2.54 2.17 1.85 1.57 1.34 1.14 48 5.91 5. 03 4.29 3.65 3.11 2.65 2.26 1.93 1.64 1.40 1.19 49 6.16 5. 25 4.47 3. 81 3.24 2.76 2.35 2.01 1.71 1.46 1.24 

50 6.41 5.46 4.65 3.96 3.38 2.88 2.45 2.09 1.78 1.52 1.29 

Speed 
m.p.h. 
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Table VII—Continued. 

Dynamic Pressure in lbs./sq. it. 

Speed 
m.p.h Altitude in feet. Speed 

m.p.h. 

i ° 
5,000 10,000 15,000 20,000 25,000 30,000 35,000 40,000 45,000 50,000 

51 6.67 5.68 4.84 4.12 3.51 2.99 2.55 2.17 1.85 1.58 1.34 51 
52 6.93 5.91 5.03 4.29 3.65 3.11 2.65 2.26 1.93 1.64 1.40 52 
53 7.20 6.14 5.23 4.45 3.80 3.23 2.76 2.35 2.00 1.70 1.45 53 

51 7.48 6.37 5.43 4.62 3.94 3.36 2.86 2.44 2.08 1.77 1.51 54 
55 7.76 6.61 5.63 4.80 4.09 3.48 2.97 2.53 2.15 1.83 1.56 55 
56 8.04 6.85 5.84 4.97 4.24 3.61 3.08 2.62 2.23 1.90 1.62 56 

57 8.33 7.10 6.05 5.15 4.39 3.74 3.19 2.71 2.31 1.97 1.68 57 
58 8.63 7.35 6.26 5.33 4.55 3.87 3.30 2.81 2.40 2.04 1.74 58 
59 8.93 7.60 6.48 5.52 4.70 4.01 3.41 2.91 2.48 2.11 1.80 59 

60 9.23 7.86 6.70 5.71 4.86 4.14 3.53 3.01 2.56 2.18 1.86 60 

61 9.54 8.13 6.93 5.90 5.03 4.28 3.65 3.11 2.65 2.26 1.92 61 
62 9.86 8.40 7.15 6.10 5.19 4.43 3.77 3.21 2.74 2.33 1.99 62 
63 10.17 8.67 7.39 6.29 5.36 4.57 3.89 3.32 2.83 2.41 2.05 C3 

64 10.50 8.95 7.62 6.50 5.53 4.72 4.02 3.42 2.92 2.48 2.12 64 
65 10.83 9.23 7.86 6.70 5.71 4.86 4.14 3.53 3.01 2.56 2.18 65 
66 11.17 9.52 8.11 6.91 5.89 5.01 4.27 3.61 3.10 2.64 2.25 66 

67 11.51 9.81 8.36 7.12 6.07 5.17 4.40 3.75 3.20 2.72 2.32 67 
68 11.85 10.10 8.61 7.33 6.25 5.32 4.54 3.86 3.29 2.80 2.39 68 
69 12.21 10.40 8.86 7.55 6.43 5.48 4.67 3.98 3.39 2.89 2.46 69 

70 12.56 10.70 9.12 7.77 6.62 5.64 4.81 4.09 3.49 2.97 2.53 70 

71 12.93 11.01 9.38 7.99 6.81 5.80 4.94 4.21 3.59 3.06 2.61 71 
72 13.29 11.33 9.65 8.22 7.00 5.97 5.08 4.33 3.69 3.14 2.68 72 
73 13.66 11.64 9.92 8.45 7.20 6.13 5.23 4.45 3.79 3.23 2.75 73 

74 14.04 11.96 10.19 8.68 7.40 6.30 5.37 4.58 3.90 3.32 2.83 74 
75 14.42 12.29 10.47 8.92 7.60 6.48 5.52 4.70 4.00 3.41 2.91 75 
76 14.81 12.62 10.75 9.16 7.80 6.65 5.66 4.83 4.11 3.50 2.99 76 

77 15.20 12.95 11.04 9.40 8.01 6. 83 5.82 4.95 4.22 3.60 3.06 77 

li 15. 60 13.29 11.32 9.65 8.22 7. 00 5.97 5.08 4.33 3.69 3.14 78 
79 16.00 13.63 11.62 9.90 8.43 7 18 6.12‘ 5.22 4.44 3.79 3.23 79 

80 16.41 13.98 11.91 10.15 8.65 7.37 6.28 5.35 4.56 3.88 3.31 80 

81 16.82 14.33 12.21 10.40 8.86 7.55 6.43 5.48 4.67 3.98 3.39 81 
82 17.24 14.69 12.52 10.66 9.08 7.74 6.59 5.62 4.79 4.08 3.47 82 
83 17.66 15.05 12.82 10.92 9.31 7.93 6.76 5.76 4.90 4.18 3.56 83 

81 18.09 15.41 13.13 11.19 9.53 8.12 6.92 5.90 5.02 4.28 3.65 84 
85 18.53 15.78 13.45 11.46 9.76 8.32 7.09 6.04 5.14 4.38 3.73 85 
86 18.96 16.16 13.77 11.73 9.99 8.51 7.25 6.18 5.27 4.49 3.82 86 

87 19.41 16.51 14.09 12.00 10.23 8.71 7.42 6.32 5.39 4.59 3.91 87 
88 19.86 16.92 14.41 12.28 10. 46 8.91 7.60 6.47 5.51 4.70 4.00 88 
89 20.31 17.30 14.74 12.56 10.70 9.12 7.77 6.62 5.64 4.80 4.09 89 

90 20.77 17.70 15.08 12.85 10.94 9.32 7.96 6.77 5.77 | 4.91 4.19 90 

91 21.23 18.09 15.41 13.13 11.19 9.53 8.12 6.92 5.90 5.02 4.28 91 
92 21.70 18.49 15.75 13.42 11.44 9.74 8.30 7.07 6.03 5.13 4.37 92 
93 22.18 18.89 16.10 13.72 11.69 9.96 8.48 7.23 6.16 5.25 4.47 93 

94 22.66 19.30 16.45 14.01 11.94 10.17 8.67 7.38 6.29 5.36 4.57 94 
95 23.11 19.72 16.80 14.31 12.19 10.39 8.85 7.54 6.43 5.47 4.66 95 
96 23.63 20.13 17.15 14.61 12.45 10.61 9.04 •7.70 6.56 5.59 4.76 96 

97 24.13 20.56 17.51 14.92 12.71 10.83 9.23 7.86 6.70 5.71 4.86 97 
98 24.63 20.98 17.88 15.2.3 12.98 11.06 9.42 8.03 6.84 5.83 4.96 98 
99 25.13 21.41 18.24 15.54 13.24 11.28 9.61 8.19 6.98 5.94 5.07 99 

100 25.64 21.85 18.61 15.86 13.51 11.51 9.81 8.36 7.12 6.07 5.17 100 

53006—23-34 
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Table VII—Continued. 

Dynamic Pressure in lbs./sq. ft. 

Speed 
m.p.h. 

Altitude in feet. Speed 
m.p.h. 

0 5,000 10,000 15,000 20,000 25,000 30,000 35,000 40,000 45,000 50,000 

101 
102 
103 

26.16 
26.68 
27.20 

22.29 
22.73 
23.18 

18.99 
19.36 
19.75 

16.18 
16.50 
16.82 

13. 78 
14.06 
14.33 

11.74 
11.97 
12.21 

10.00 
10.20 
10.40 

8.52 
8.69 
8.86 

7.26 
7.41 
7.55 

6.19 
6.31 
6.43 

5.27 
5.38 
5.48 

101 
102 
103 

104 
105 
106 

27.73 
28.27 
28.81 

23.63 
24.09 
24.55 

20.13 
20.52 
20.91 

17.15 
17.48 
17.82 

14.61 
14.89 
15.18 

12.45 
12.69 
12.93 

10.61 
10. 81 
11.02 

9.04 
9.21 
9.39 

7.70 
7.85 
8.00 

6.56 
6.69 
6.82 

5.59 
5.70 
5. 81 

104 
105 
106 

107 
108 
109 

29 36 
29.91 
30.46 

25.01 
25.48 
25.96 

21.31 
21.71 
22.11 

18.16 
18.50 
18.84 

15.46 
15.76 
16.05 

13.18 
13.43 
13.68 

11.23 
11.44 
11.65 

9.57 
9.75 
9.93 

8.15 
8.30 
8. 46 

6.94 
7.07 
7.21 

5. 92 
6. 03 
6.14 

107 
108 
109 

110 31.03 26.43 22.52 19.19 16.35 13.93 11.87 10.11 8.61 7.34 6.25 110 

111 
112 
113 

31.59 
32.16 
32.74 

26.92 
27.40 
27.89 

22.93 
23.35 
23.77 

19.54 
19.89 
20. 25 

16.65 
16.95 
17.25 

14.18 
14.44 
14.70 

12.08 
12.30 
12.52 

10.30 
10.48 
10.67 

8.77 
8.93 
9.09 

7. 47 
7.61 
7.74 

6.37 
6.48 
6.60 

111 
112 
113 

114 
115 
116 

33.32 
33. 91 
34.50 

28.39 
28.89 
29.40 

24.19 
24.62 
25.05 

20.61 
20.97 
21.34 

17.56 
17. 87 
18.18 

14.96 
15. 22 
15.49 

12.75 
12.97 
13.20 

10.86 
11.05 
11.24 

9.25 
9.42 
9. 58 

7.88 
8.02 
8.16 

6.72 
6.83 
6.95 

114 
115 
116 

117 
118 
119 

35.10 
35.70 
36.31 

29.90 
30.42 
30.94 

25. 48 
25.92 
26.36 

21.71 
22.08 
22.46 

18.49 
18. 81 
19.13 

15.76 
16.03 
16.30 

13.43 
13.65 
13.89 

11.44 
11.63 
11.83 

9.75 
9.91 

10.08 

8. 30 
8.45 
8.59 

7.07 
7.20 
7.32 

117 
118 
119 

120 36.92 31.46 26.80 22.84 19.45 16.57 14.12 12.03 10.25 8. 73 7.44 120 

121 
122 
123 

37.54 
38.16 
38. 79 

31.98 
32. 52 
33. 05 

27.25 
27.70 
28.16 

23.22 
23.60 
23.99 

19.78 
20.11 
20.44 

16.85 
17.13 
17.41 

14.36 
14.60 
14.84 

12.23 
12.44 
12.64 

10.42 
10.60 
10. 77 

8. 88 
9.03 
9.17 

7.57 
7.69 
7.82 

121 
122 
123 

124 
125 
126 

39.43 
40.06 
40.71 

33.59 
34.13 
34.68 

28.62 
29.08 
29.55 

24.38 
24.78 
25.17 

20.77 
21.11 
21.45 

17.70 
17.98 
18.27 

15.08 
15.32 
15.57 

12.84 
13.05 
13.26 

10.94 
11.12 ' 
11.30 

9.32 
9.48 
9.63 

7.94 
8.07 
8.20 

124 
125 
126 

127 
128 
129 

41.36 
42.01 
42.67 

35.24 
35.79 
36.35 

30.02 
30. 50 
30.97 

25.57 
25.98 
26.39 

21.79 
22.14 
22.48 

18.56 
18.86 
19.15 

15.82 
16.07 
16.32 

13.47 
13.67 
13. 90 

11.48 
11.66 
11.84 

9.78 
9.94 

10.09 

8.33 
8.47 
8.60 

127 
128 
129 

130 43.33 36.92 31.46 26.80 22.83 19.45 16.57 14.12 12.03 10.25 8.73 130 

131 
132 
133 

44.00 
44.68 
45.36 

37.49 
38.06 
38.64 

31.94 
32.43 
32.92 

27.21 
27.63 
28.05 

23.18 
23.54 
23.90 

19.75 
20.06 
20.36 

16.83 
17.09 
17.35 

14.34 
14.56 
14. 78 

12.22 
12.40 
12.59 

10.41 
10.57 
10.73 

8.87 
9.00 
9.14 

131 
132 
133 

134 
135 
136 

46.04 
46.73 
47.43 

39.23 
39.81 
40.41 

33.42 
33.92 
34.43 

28.47 
28.90 
29.33 

24.26 
24.62 
24.99 

20.67 
20.98 
21.29 

17.61 
17.87 
18.14 

15.00 
15.22 
15.45 

12.78 
12.97 
13.17 

10.89 
11.05 
11.22 

9.28 
9.42 
9.56 

134 
135 
136 

137 
138 
139 

48.13 
48.83 
49.54 

41.00 
41.60 
42.21 

34.93 
35.45 
35.96 

29.76 
30.20 
30.64 

25.36 
25.73 
26.10 

21.60 
21.92 
22.24 

18.41 
18.68 
18.95 

15.68 
15.91 
16.14 

13.36 
13.56 
13.75 

11.38 
11.55 
11.72 

9.70 
9.84 
9.98 

137 
138 
139 

140 50.26 42.82 36.48 31.08 26.48 22.56 19.22 16.37 13.95 11.89 10.13 140 

141 
142 
143 

50.98 
51.70 
52.43 

43.43 
44.05 
44.67 

37.00 
37.53 
38. 06 

31.52 
3i:97 
32.42 

26.86 
27.24 
27.63 

22. 88 
23. 21 
23. 54 

19.50 
19. 78 
20.06 

16.61 
16. 84 
17.08 

14.15 
14.35 
14.56 

12.06 
12.23 
12.40 

10.27 
10.42 
10. 57 

141 
142 
143 

144 
145 
146 

53.17 
53.91 
54.66 

45.30 
45.93 
46.57 

38.60 
39.13 
39.68 

32.88 
33.34 
33.80 

28.01 
28.41 
28.80 

23.87 
23.77 
24.10 

20.34 
20.62 
20.91 

17.32 
17.56 
17.81 

14.76 
14.97 
15.17 

12.57* 
12.75 
12.93 

10.71 
10.86 
11.01 

144 
145 
146 

147 
148 
149 

55.41 
56.16 
56.93 

47.21 
47.85 
48.50 

40.22 
40.77 
41.32 

34.26 
34.73 
35.20 

29.19 
29.59 
29.99 

24.43 
24.76 
25.10 

21.19 
21.48 
21.77 

18.05 
18.30 
18.55 

15.38 
15.59 
15.80 

13.10 
13. 28 
13. 46 

11.16 
11.32 
11.47 

147 
148 
149 

150 57.69 49.15 41.88 35.68 30.40 25.44 22.07 18.80 16.02 13.64 11.62 150 
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Table YII—Continued. 

Speed 
m.p.h. 

Dynamic pressure in lbs./sq. ft. 

Speed 
m.p.h. 

Altitude in feet. 

0 5,000 10.000 15,000 20, COO 25,000 30,000 35,000 40,000 45,000 50,000 

151 58.46 49. 81 42.44 36.15 30.80 25.78 22.36 19.05 16.23 13.83 11.78 151 
152 59.24 50.47 43.00 36. 63 31.21 26.12 22.66 19.30 16.45 14.01 11.94 152 
153 60.02 51.14 43.57 37.12 31.63 26. 46 22.96 19.56 16.66 14.20 12.09 153 

154 60.81 51,82 44.14 37.60 32.04 26. 81 23.26 19.81 16.88 14.38 12.25 154 
155 61.40 52.49 44.72 38.09 32.46 27.16 23. 56 20.07 17.11 14.57 12.41 155 
156 62.40 53.16 45.30 38.59 32.88 27. 51 23.87 20.33 17.32 14.76 12.57 156 

157 63.20 53.85 45.88 39.08 33.30 27. 87 24.17 20.59 17.55 14.95 12.74 157 
158 64.01 54.54 46.46 39.58 33.73 28.22 24.48 20. 85 17.77 15.14 12.90 158 
159 64. 82 55.23 47.06 40.09 34.16 28.58 24.79 21.12 17.99 15.33 13.06 159 

160 65. 64 55.93 47.65 40.59 34.59 28.94 25.11 21.39 18.22 15.52 13.23 160 

161 66.46 56.63 48.25 41.10 35.02 29.30 25.42 21.65 18.45 15.72 13.39 161 
162 67.29 57.33 48. 85 41.61 35.46 29. 67 25.74 21.92 18.68 15.91 13.56 162 
163 68.13 58.04 49.45 42.13 35.90 30.04 26.06 22.20 18.91 16.11 13.73 163 

164 68.96 58.76 50.06 42. 65 36.34 30.41 26.38 22.47 19.14 16.31 13.90 164 
165 69. 81 59.48 50.67 43.17 36.78 30.78 26.70 22.74 19.38 16. 51 14.07 165 
166 70.66 60.20 51.29 43.69 37.23 31.15 27.03 23.02 19.61 16.71 14.24 166 

167 71.51 60.93 51.91 44.22 37.68 32.10 27.35 23.30 19. 85 16.91 14.41 167 
168 72.37 61.66 52.53 44.75 38.13 32.49 27. 68 23.58 20.09 17.12 14.58 168 
169 73.23 62. 39 53.16 45.29 38.59 32. 87 28.01 23.86 20.33 17.32 14.76 169 

170 74.10 63.14 53.79 45.82 39.04 33.26 28.34 24.14 20.57 17.53 . 14.93 170 

171 74.98 63.88 54.43 46.37 39.51 33.66 28. 68 24.43 20. 81 17.73 15.11 171 
172 75. 86 64.63 55.06 46.91 39.97 34.05 29.02 24.71 21.06 17.94 15.28 172 
173 76.74 65.38 55.71 47.46 40.43 34.45 29.35 25.00 21.30 18.15 15. 46 173 

174 77.63 66.14 56.35 48.00 40.90 34.85 29.69 25.29 21.55 18.36 15.64 174 
175 78.53 66. 90 57.00 48.56 41.38 35.25 30.04 25.58 21.80 18.57 15. 82 175 
176 79.43 67.67 57. 65 49.12 . 41.85 35.65 30.38 25.91 22.05 18.78 16.00 176 

177 80.33 68.44 58.31 49.68 42.33 36.06 30.73 26.17 22.30 19.00 16.19 177 
178 81.24 69.22 58.97 50.24 42.81 36.47 31.07 26.47 22.55 19.21 16.37 178 
179 82.16 70.00 59.64 50. 81 43.29 36.88 31.42 26. 77 22.81 19.43 16.55 179 

180 83.08 70.78 60.31 51.37 43.77 37.29 31.78 27.07 23.06 19.65 16.74 180 

181 84.00 71.57 60.98 51.95 44.26 37.71 32.13 27.37 23.32 19.87 16.93 181 
182 84.93 72.36 61.65 52. 52 44.75 38 13 32.49 27.67 23. 58 20.09 17.11 182 
183 85.87 73.16 62.33 53.10 45.24 38.55 32.84 27.98 23.84 20.31 17.30 183 

184 86.81 73.96 63.02 53.68 45.74 38.97 33.20 28.28 24.10 20.53 17.49 184 
185 87.76 74.77 63. 70 54.27 46.24 39.39 33.57 28.59 24.36 20.75 17.68 185 
186 88.71 75.58 64.39 54.86 46.74 39.82 33.93 28.90 24.63 20.98 17.87 186 

187 89.66 76.39 65.09 55.45 47.24 40.25 34.30 29.21 24.89 21.21 18.07 187 
188 90. 63 77.21 65.79 56.04 47.75 40.68 34.67 29.53 25.16 21.43 18.26 188 
189 91.59 78.04 66.49 56. 64 48.26 41.12 35.03 29.84 25.43 21.66 18.46 189 

190 92.56 78.86 67.19 57.24 48.77' 41.55 35.41 30.16 25.70 21.89 18. 65 190 

191 93.54 79.70 67.90 57.85 49.29 41.99 35.78 30.48 25.97 22.12 18.85 191 
192 94.52 80.53 68.61 58.45 49.80 42.43 36.16 30.80 26.24 22.35 19.05 192 
193 95. 51 81.38 69.33 59.06 50.32 42.87 36.53 31.12 26.51 22.59 19.25 193 

194 96.50 82.22 70.05 59.68 50.85 43.32 36.91 31.44 26.79 22.82 19.45 194 
195 97.50 83.07 70. 78 60.29 51.37 43.77 37.29 31.77 27.07 23.06 19.65 195 
196 98.50 83.92 71.50 60.91 51.90 44.22 37.68 32.09 27.34 23.30 19.85 196 

197 99.51 84.78 72.23 61.54 52.43 44.67 38.06 32.42 27.62 23. 53 20.05 197 
198 100.52 85. 64 72.97 62.16 52.97 45.12 38.45 32.75 27.90 23.77 20.26 198 
199 101.54 86.51 73.71 62.79 53.50 45.58 38.84 33.08 28.19 24.01 20.46 199 

200 102.56 87. 38 74.45 63.43 54.04 | 46.04 39.23 33.42 28.47 24.25 20.66 200 
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Table VII—Continued. 

Speed 
m:p.h. 

201 
201 
203 

204 
205 
206 

207 
208 
209 

210 

211 
212 
213 

214 
215 
216 

217 
218 
219 

220 

221 
222 
223 

224 
225 
226 

227 
228 
229 

230 

231 
232 
233 

234 
235 
236 

237 
238 
239 

240 

241 
242 
243 

244 
245 
246 

247 
248 
249 

250 

Dynamic pressure in lbs./sq. ft. 

Speed 
m.p.h. 

Altitude in feet. 

0 5,000 10,000 15,000 20,000 25,000 30.000 35,000 40,000 45, CCO 50,000 

103 59 88.26 75.20 64.06 54. 58 46.50 39.62 33.75 28.76 24.50 20.87 201 

104 53 89.14 75.95 64. 70 55.13 46. 97 40.02 34.09 29. 04 24.74 21.08 202 

105166 90.02 76.70 65. 34 55. 67 47.43 40. 42 34.43 29.33 24.99 21,29 203 

106 71 90.92 77.46 65.99 56.22 47.90 40.82 34. 77 29.62 25.24 21.50 204 

107 76 91. 81 78. 22 66. 64 56. 78 48. 37 41.22 35.11 29.91 25.48 21.71 205 

108181 92.71 78. 99 67.29 57.33 48.84 41.62 35.45 30.21 25. 73 21,93 206 

ino 87 93.61 79.75 67.94 57.89 49.32 42.02 35.80 30.50 25.98 22.14 207 

11 n. 93 94.51 80.53 68.60 58.45 49.80 42.43 36.14 30.80 26.24 22.35 208 

112.00 95.43 81.30 69.26 59.01 50.28 42.84 36.49 31.09 26.49 22.57 209 

113.08 96.34 82.08 69.93 59.58 50.76 43.25 36.84 31.39 26.74 22.78 210 

114 16 97.26 82.87 70.59 60.15 51.24 43.66 37.19 31.69 27.00 23.00 211 

115.24 98.18 83.65 71.26 60.72 51.73 44.08 37.55 31.99 27.02 23. 22 212 

116. 33 99.11 84.44 71.94 61.29 52. 22 44.50 37.90 32.29 27.51 23.44 213 

117.43 100.05 85.24 72.62 61.87 52.71 44. 92 38.26 32.60 27. 77 23.66 214 

118.53 100.98 86.04 73.30 62.45 53.21 45.34 38.62 32.90 28.03 23.88 215 

119.63 101.92 86.84 73.98 63.03 53. 70 45. 76 38.98 33.21 28.29 24.11 216 

120.74 102.87 87.65 74.67 63. 62 54.20 46.18 39.34 33. 52 28.56 24.33 217 

121.86 103.82 88.46 75.36 64. 21 54. 70 46.61 39.70 33.83 28.82 24. 56 218 

122.98 104. 78 89.27 76.05 64.80 55.20 47.04 40.07 34.14 29.08 24. 78 219 

124.10 105.73 90.09 76.74 65.39 55. 71 47. 47 40. 43 34.45 29.35 25.01 220 

125. 23 1C6. 70 90.91 77.44 65.99 56.22 47. 90 40.80 34.76 ’ 29.62 25.23 221 

126.37 107.67 91.73 78.15 66.58 56.73 48. 34 41.17 35.08 29.89 25.46 222 

127.51 1C8.64 92.56 78.85 67.19 57.24 48.77 41.54 35.40 30.16 25.69 223 

128.66 109.61 93.39 79. 56 67. 79 57. 75 49. 21 41.92 35.71 30.43 25.92 224 

129.81 110.60 94. 23 80. 27 68.40 58. 27 49. 65 42.29 36.03 30. 70 26. 16 225 

130.96 111.58 95.07 80.99 69.00 58.79 50.09 42.67 36.36 30.97 26.39 226 

132.13 112.57 95.91 81.71 69.62 59.31 50.54 43.05 36.68 31.25 26.62 227 

133. 29 113.56 96. 76 82.43 70.23 59.83 50.08 43.43 37.00 31.52 26.86 228 

134.46 114.56 97.61 83.15 70.85 60. 36 51.43 43.81 37. 33 31.80 27.09 229 

135.64 115.57 98.46 83.88 71.47 60.89 51.88 44.19 37.65 32.08 27.33 230 

136.82 116.57 99.32 84.61 72.09 61.42 52.33 44. 58 37.98 32.36 27.57 231 

138.01 117. 58 100.18 85. 35 72. 72 61.95 52. 79 44.96 38.31 32.64 27.81 232 

139.20 118.60 101.05 86.08 73.35 62.49 53.24 45.24' 38.56 32.85 28.05 233 

140. 40 119.62 101.92 86. 83 73. 98 63. 03 53.70 45.63 38.89 33.13 28.29 234 

141.60 120.64 102. 79 87.57 74.61 63.57 54.16 46.02 39.22 33.42 28. 53 235 

142.81 121.67 103.67 88.31 75.25 64.11 54.62 46. 41 39.56 33.70 28.78 236 

144.02 122. 71 104.55 89.06 75. 89 64. 65 55.09 46.81 39.89 33.99 29.02 237 

145.24 123.74 105.43 89.82 76.53 65.20 55.55 47.20 40. 23 34.28 29.27 238 

146.46 124.79 106.32 90.57 77.17 65.75 56.02 47.60 40,57 34.57 29.51 239 

147.69 125.83 107.21 91.33 77.82 66.30 56.49 48.00 40.91 34.86 29.76 240 

148.93 126.88 108.10 92.10 78. 47 66. 85 56.96 48.40 41.25 35.15 30.01 241 

150.16 127.94 109.00 92.86 70.12 67. 41 57.44 *48.80 41.60 35.44 30.26 242 

151.41 129.00 109.91 93.63 79.78 67.97 57.91 49. 21 41.94 35.73 30.51 243 

152.66 130.06 110. 81 94.40 80.43 68.52 58.39 49.61 42.29 36.03 30.76 244 

153.91 131.13 111.72 95.18 81.10 69.10 58. 87 50.02 42.63 36.32 31.01 245 

155.17 132.20 112.64 95.96 81.76 69.66 59.35 50.43 42.98 36.62 31.27 246 

156.43 133. 28 113.55 96.74 82.42 70.22 59. 84 50. 84 43.33 36.92 31.52 247 

157.70 134. 36 114.48 97.52 83.09 70.79 60.32 51.25 43.68 37. 22 31.78 248 

158.98 135.45 115.40 98.31 83.76 71.36 60.81 51.67 44.04 37.52 32.03 249 

160. 26 136.54 116.33 99.10 84. 44 71.94 61.30 52.08 44.39 37.82 32.29 250 
■ 
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REPORT NO. 152. 

THE AERODYNAMIC PROPERTIES OF THICK AIRFOILS. 

CONTINUATION OF REPORT No. 75. 

By F. H. Norton and D. L. Bacon. 

SUMMARY. 

This investigation was undertaken by the National Advisory Committee for Aeronautics 

as an extension of N. A. C. A. Report No. 75 for the purpose of studying the effect of various 

modifications in a given wing section, including changes in thickness, height of lower camber, 

taper in thickness, and taper in plan form with special reference to the development of thick, 

efficient airfoils. The method consisted in testing the wings in the N. A. C. A. 5-foot wind 

tunnel at speeds up to 50 meters (164 feet) per second while they were being supported on a new 

type of wire balance. Some of the airfoils developed showed results of great promise. For 

example, one wing (No. 81) with a thickness in the center of 4.5 times that of the U. S. A. 16 

showed both a uniformly higher efficiency and a higher maximum lift than this excellent sec¬ 

tion. These thick sections will be especially useful on airplanes with cantilever construction. 

INTRODUCTION. 

In the past there have been a considerable number of tests made upon thick, constant 

section airfoils;1 but the only systematic tests that have been published on thinned or tapered 

airfoils are given in N. A. C. A. Report No. 75. As the airfoils tested there were neces¬ 

sarily run at the low speed of 14.3 meters (46.9 feet) per second, some of that work has been 

repeated in the present report at speeds of from 30 to 50 meters (98.4 to 164 feet) per second 

in order to reduce the scale correction. The work has also been extended to many new types 

of section, but as there are so many variables to investigate this report is only the beginning 

of the subject. Further tests are now being carried out along lines indicated by the results 

obtained here, and there is reason to believe that both the structural and the aerodynamic 

efficiency can yet be considerably increased. 

APPARATUS AND METHODS. 

All the tests were run in the N. A. C. A. 5-foot wind tunnel which has been fully described 

elsewhere.2 As the usual N. P. L. balance used in this tunnel was not adapted to holding wings 

at high speed or wings with thin tips at any speed, it was found necessary to design and construct 

a new type of balance for this work. After careful consideration of the various types of wind- 

tunnel balances it was decided that the most satisfactory for these conditions was the wire 

type of balance similar to that used in Germany. This balance will support the wing near its 

center and can be used at high-air speeds. A full description of this balance is given in Tech¬ 

nical Note No. 65. 

1 Technische Beriehte; R. & M. 322, British Advisory Comntittec; S. A. E. Journal, March, 1921. 

2 S. A. E. Journal, May, 1921. 
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All of the airfoils for this investigation were cut from laminated maple on the special 

machine described in N. A. C. A. Report No. 74. The models could be made very quickly in 

this way and with an accuracy better than 0.125 mm. (0.005 inch), although, if great care was 

taken, the surface could be worked to within 0.050 mm. (0.002 inch) of the given dimensions. 

At times some difficulty was experienced with the tips of the thin airfoils curling, owing to 

the impossibility of taking an equal amount of wood off from both sides of the blank; so that 

they had to be held in clamps till immediately before the tests. Excepting the cases where 

the plan form was tapered, all of the models were 76.2 by 457 mm. (3 by 18 inches). 

The models were tested for lift, drag, and center of pressure from slightly above the angle 

of zero lift to beyond the burble point, at a standard speed of 30 meters (98.4 feet) per second, 

excepting in a few cases where additional tests were made at a higher speed. It should be 

noted that this tunnel is particularly free from turbulence due to the position of the honey¬ 

combs and that therefore the maximum lift given for each section is approximately 8 per cent 

lower than for the same sections tested in the M. I. T. wind tunnel. Comparison is made how¬ 

ever with the U. S. A. 16 section tested under identical conditions. 

The results were first plotted in polar diagrams using absolute lift and drag coefficients. 

This method of plotting was used as it combined the usual lift and drag in one curve, and it 

also has the advantage of simplicity when the theory of the wings is studied mathematically. 

The lift drag ratio of each wing is plotted against lift coefficient, as this method is considered 

the most satisfactory for showing the relative efficiency of the various aerofoils. The center of 

pressure is plotted, as is usual, against the lift coefficient. 

SCOPE OF TESTS. 

It should be noted that the section of the upper surface of every airfoil in this investiga¬ 

tion is proportional to the master section, and that the lower surface is either flat or propor¬ 

tional to one master lower camber; that is, no attempt was made to perform experiments on 

the section itself, but only to determine the effect of thickening or thinning in various ways a 

master section having an initially good performance. 

The first series investigated was a number of wings of varied thickness all proportional to 

the master section, as shown in figure 1. (Group A, Nos. 69, 66, 64, 68, and 71.) It was not 

expected that anything new would be learned fron this test, as experiments had been carried 

out before on a similar series of sections, but it was desired to obtain the coefficients of these 

particular sections for the purpose of comparison. The second series shown in figure 2 (Group 

B, Nos. 62, 64, 65, 61, and 77) was evolved by adding to the lower surface of the master section 

various degrees of lower camber, both positive and negative. The wings of the third series as 

shown in figure 3 (Group C, Nos. 54, 55, 56, 57, 58, and 73) were all of rectangular plan form 

but tapered in thickness from specified sections at the center of the span to an imaginary knife 

edge one chord length beyond the wing tip. The upper surfaces of these airfoils were all 

alike, while the lower surface was varied in camber. The wings of the fourth series as shown 

in figure 4 (Group D, Nos. 64, 59, 60, and 72) are tapered in plan form and all sections are geo¬ 

metrically similar to the master section, the bottom surfaces being in all cases flat. The span, 

the mean chord, and consequently the aspect ratio, are held the same for all of these sections. 

After testing these four groups of airfoils it was apparent that something might be gained 

by combining in a new group the most desirable features of the wings already tested. In this 

way by superimposing the taper of Group B on the thinned airfoils of Group C the new Group 

CD was formed (Nos. 56, 79, and 82), figure 3a, and then by adding to this the convex lower 

surface of No. 73 there were obtained the more complex wings of the C'D' Group (Nos. 73, 81, 

and 80) figure 3b. It will be noted that No. 64 is common to Groups A, B, and D, 56 to C and 

CD, and No. 73 to C and C'D'. To show the alterations in the various wing sections more 

clearly their characteristics are grouped together in Table I below: 
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Table I.—Showing the characteristics and groupings of the sections. 

Maxi¬ 
mum 
upper 

ordinates 
on 3-inch 

chord. 

Maxi¬ 
mum 
lower 

ordinates 
on 3-inch 
chord. 

Constant 
section, 

Group B. 

Thinned, 
Group C. 

Tapered, Group D. Tapered, Group CD. 

4 by 2 
mches. 

5 by 1 
inch. 

6 by 0 
inch. 

4 by 2 
inches. 

5 by 1 
inch. 

6 by 0 
inch. 

0.477 
.477 
.477 
.477 
.477 
.477 
.477 

Inches. 
+0.154 
+ .138 

0.00 
- .123 
- .138 
- .154 
- .184 

No. 02... No. 54... 
No. 55... 

No. 64... 
No. 65... 

No. 50... No. 59... No. 60... No. 72... No. 79... No. 82... 

No. 57... 
No. 61... No. 58 

No. 73... No. 81... No. 80... 
G roup C'D' 

GROUP A. 

0.230 
.358 
.477 
.600 
.800 

0 
0 
0 
0 
0 

No. 69... 
No. 66.. . 

No. 68... 
No. 71... 

PRECISION. 

The models were originally constructed in all cases to within 0.125 mm. (0.005 inch) of the 

given dimensions. However, those airfoils, which were made very thin at the tips, had a 

tendency to curl slightly, so that the change in camber from this cause at the tip of the wing 

was at times as much as 0.25 to 0.37 mm. (0.01 to 0.015 inch), which accounts for the slight 

irregularity of the results on wings of this type. It also appears that some error is due to the 

difficulty of obtaining on the models the exact shape of the entering edge desired. The 

measurement of the forces can be considered accurate to 3 per cent, as a number of wings were 

checked to within this amount by retesting after readjusting the balance. The center of pres¬ 

sure measurements are good to better than 2 per cent of the chord. 

The data has been plotted with as great a precision as the original values possessed, so 

that no error is introduced by this process. It should be noticed that there was tested on the 

same balance and under exactly the same conditions a standard wing, the U. S. A. 16, and 

that the corresponding coefficients have been plotted for comparison. 

THE EFFECT OF VARYING THE HEIGHT OF THE UPPER CAMBER ON A FLAT-BOTTOMED SECTION. 

GROUP A. 

The effect of increasing the upper camber on both lift and drag is clearly shown in figure 5. 

Up to a thickness ratio of 0.28 the maximum lift increases as a linear function of the thickness 

thickness 
ratio, and may be expressed by the formula: CL max. = 0.87 + 2.5 —cfrord ^ was f°und that 

the thickest section, No. 71, gave a decided break in the lift curve for the standard speed of test 

and that an air speed of 47.7 meters per second (106.7 m. p. h.) was necessary to eliminate this 
break. The data for this wing was therefore taken at this speed, and the coefficients are 

therefore slightly more favorable than would have been the case under the standard test 

conditions. 

In figure 6 are shown the L/D curves for this series of wings and indicate nothing unusual 

except that the values are much higher at a speed of 30 meters (98.4 feet) per second than at 

14.3 meters (46.9 feet) per second, at which speed most of the previous researches were performed. 

In figure 7 are plotted the center of pressure curves for this series of sections. It is observed 

that the center of pressure moves further back on the wing as the section is thickened, or as the 

curvature of the median line increases. 
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THE EFFECT OF VARYING THE LOWER CAMBER ON THE MASTER SECTION. 

GROUP B. 

The lift and drag coefficients of Group B, as shown in figure 8, indicate that as the lower 

camber is made more convex the drag and the lift both decrease quite rapidly. 

The L/D curves plotted in figure 9 show clearly that the maximum L/D as well as the 

L/D at low values of the lift coefficient increases with the convexity of the lower camber at 

least until a thickness ratio of 0.20 is reached. This very valuable property was not shown 

when tests were run on similar sections at 14.3 meters (46.9 feet) per second, and it is evident 

that the scale of the test increases the value of the thicker sections, and that even the order of 

merit of a series of airfoils may be altered by the change in scale. 

The center of pressure curves given in figure 10 show a very similar form, excepting that 

they become more nearly horizontal and further forward with a more convex section. 

It should be noted how valuable a moderate degree of convex camber is. It first increases 

the efficiency of the wing, especially at the high speeds; second, it allows more room for spars; 

and, third, it reduces the center of pressure travel. As the value of the convex camber is much 

more evident at high speeds of test in the wind tunnel it is very probable that in free flight the 

convex lower camber will be of even greater benefit. 

THE EFFECT OF VARYING THE LOWER CAMBER OF AN AEROFOIL THINNED AT THE TIPS. 

group c. 

The convex lower camber proved so advantageous on the uniform section wings that it was 

thought advisable to try the same alterations on wings thinned at the tips. The lift and drag 

coefficients for Group C are plotted in figure 11 and show the same characteristics noted under 

Group B, excepting that both the lift and drag are slightly lower as would be expected. 

The L/D is plotted in figure 12 as before, and due to the thinner tips, the efficiency is much 

higher than for Group B, and it increases steadily as the lower camber is made more convex. 

The remarkably high efficiency of some of the thicker wings should be noticed; for example, 

the maximum L/D of 20.4 reached with section No. 73, which is a value considerably higher 

than that of the R. A. F. 15 or the U. S. A. 16 wings tested under the same conditions. The 

efficiency at low lift coefficients is correspondingly high, so that this type of wing would probably 

give an excellent high speed performance when applied to an airplane, and at the same time 

would allow the use of generous spars for cantilever construction. 

The center of pressure curves are shown for this group in figure 13 and show less travel 

and a more forward position of the center of pressure for these airfoils than for the correspond¬ 

ing flat bottom wings, but otherwise exhibit no unusual features. 

THE EFFECT OF TAPERING A WING IN PLAN FORM. 

GROUP D. 

The wings in Group D have everywhere a section proportional to the master section but 

taper in plan form in various degrees. The lift and drag of these sections are plotted in figure 

14, and show little effect due to the tapering. It was found, however, that wing No. 72, for 

which the tips had a very small Reynolds number, had a much greater scale correction than the 

rectangular wings, which leads us to believe that the slight inferiority of the tapered wings 

does not hold for full scale construction, and it is quite possible that a highly tapered wing in 

full flight might have considerable aerodynamic advantages over a rectangular one. 

The center of pressure travel is nearly independent of the taper as shown in figure 16, in 

spite of the fact that the moment of area about the Y axis is greater for the more tapered models. 

A further investigation by the method of pressure distribution explains this phenomena by show¬ 

ing that the center of pressure motion is proportionately smaller near the center of a tapered 

wing than near the tips. 

It would appear from this that designers need have no fear in using wings of great chord 

near the body as the slope of the moment curve is the same as for rectangular wings of the same 

mean chord. 
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THE EFFECT OF BOTH THINNING AND TAPERING A FLAT-BOTTOMED AEROFOIL. 

GROUP CD. 

The airfoils of Group CD were formed by combining the plan form of Group D with the 
flat-bottomed tapered section of Group C as it was hoped that some valuable section might be 
developed in this way. The lift and drag curves for these sections are shown in figure 20 and 
indicate practically no difference between the rectangular and the medium tapered section. 
The wing which is tapered to a point at the tip however shows a considerable inferiority in lift 
which may be due to the scale effect. 

The same thing is indicated in figure 18 for the L/D curve—that is, the section with the 
greatest taper is considerably inferior to the other two. 

Center of pressure curves for this series are plotted in figure 19 and indicate that the center 
of pressure is slightly further forward at high angles of attack for the section having the greatest 
taper. 

THE EFFECT OF BOTH THINNING AND TAPERING AN AEROFOIL HAVING A CONVEX LOWER 
SURFACE. 

GROUP C D'. 

This series was studied as it was hoped that it would combine the good qualities of several 
of the other types of wing, and the excellent results obtained showed that our expectations were 
realized, and indicate that the rectangular and medium taper are nearly alike, but that the 
extreme taper has a lower lift coefficient as in the preceding series. 

The L/D, which is plotted in figure 21, shows a slight decrease in the maximum with increase 
in taper, due probably to the reduction in scale at the wing tip. All of the wings however show 
good maximum values, in all cases above 18. The high speed efficiency of the wing seems to 
vary little with the taper. 

The center of pressure curves plotted in figure 22 show, as before, a slightly further forward 
position for large tapers but the travel in that case is no greater. 

It should be noted that all of the wings of this series are excellently adapted to an airplane 
with cantilever construction, as they are deep enough for internal bracing, have a fair value 
of the maximum lift coefficient, and have high efficiency at all speeds. 

CONCLUSIONS. 

As the aim of this investigation was to produce a wing with the most favorable aerodynamic 
properties combined with sufficient thickness to permit generous cantilever spars, it was thought 
that the best method of showing clearly the relative values of the various wings was to plot 
their important characteristics against the maximum thickness divided by the mean chord. 
This has been done in the charts shown in figures 23, 24, and 25. 

Referring particularly to figure 23, where the maximum lift coefficient is plotted against 
the maximum thickness divided by the mean chord for each section, it will be seen that from 
the master section No. 64 there are a series of curves branching out in various directions repre¬ 
senting the alterations made in this section. For example, taking Group A of flat-bottomed 
constant sections which are represented by circles, we obtain a curve starting with the flat plate 
and gradually rising to a maximum lift coefficient of 1.51 at a thickness ratio of 0.266. Inter¬ 
secting this curve at the master section is the curve for Group B representing the sections with 
varying lower camber. Lower down another parallel curve represents the flattened airfoils 
of Group C with various lower cambers. The airfoil of Group D tapered in plan form is 
represented by a nearly horizontal line which reaches a high thickness ratio. Again the curves 
for the special series CD and C'D' closely resemble those for Group D but start from the points 
representing sections 56 and 73 of Group C rather than from the master section 64. 

This chart is of value, as it will show us very closely the maximum lift coefficient for any 
new type of wings corresponding to a modification of the master section by its position on the 
chart without the necessity of making actual tests. It also shows us in what direction we should 
extend our research in order to produce the most marked improvement. 
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The minimum drag for the various sections is plotted in the same way in figure 24, and the 

effect on the minimum drag of increasing the lower camber is very clearly brought out. It is 

interesting to note that the minimum drag can be cut down nearly to the values obtained by the 

best thin sections now in use, even when the thickness is increased to as much as 0.441 of 

the chord, and it is expected that even greater thicknesses than these could be reached if it was 

found desirable without any marked increase in the minimum drag. As in the preceding chart, 

it is indicated here in what direction further research should be carried in order to produce 

the most valuable wing. 
In the third chart, figure 25, the maximum L/D is plotted against the maximum thickness 

divided by the mean chord. This chart shows strikingly how greatly the thickness of the wings 

has been increased over that of the U. S. A. 16 and yet the same maximum efficiency has been 

retained. 
For the sake of convenient comparison the various characteristics of all of the wings tested 

in this report are assembled in Table 2, together with those of the U. S. A. 16 wing tested 

under the same conditions. 

Table II. 

Group. Airfoil. 

Maxi¬ 
mum 

thickness. Maxi¬ 
mum 

CL. 

Mini¬ 
mum 

Cd* 

Maxi¬ 
mum 
L/D. 

Mean 
chord. 

69 0.076 0.99 0.019 18.2 

t>6 .119 1.14 .022 19.2 

A. 64 .159 1.32 .034 15.0 

68 .200 1.30 .044 14.1 

71 .267 1.51 .059 12.3 

62 .108 1.55 .057 12.3 

64 .159 1.32 .034 15.0 

B. 65 .200 1.19 .023 14. 6 

61 .210 1.22 .020 14.9 

77 .231 1.18 .018 15.6 

54 • 10S 1.22 .028 18.5 

55 .113 1.17 .029 19.1 

56 .159 1.12 .022 19.7 
c. 57 .205 1.07 .017 19.9 

58 .210 1.04 .014 20.3 

73 .220 .95 .013 20. 4 

f 64 .159 1.32 .034 15.0 

D. 
59 .212 1.43 .036 15.6 

\ 60 .265 1.34 .034 15.6 

( 72 .318 1.36 .037 13.6 

[ 56 .159 1.12 .022 19.7 

CD. \ 79 .212 1.15 .023 18.6 

l 82 .318 .97 .023 15.0 

[ 73 .220 .95 .013 20.4 

C'D'. \ 81 .295 1.03 .015 19.2 

{ 80 .441 .83 .015 18.2 

U. S. A. 16 .062 .94 .013 19.1 

It may be stated in conclusion that wings of this size must be tested at least as fast as 

30 meters (98.4 feet) per second to get results which may be used consistently on full-sized 

machines and that with heavily tapered wings this speed is probably not high enough to 

show their true value. It also seems quite probable that wings with a high convex lower 

camber will show up to considerably greater advantage in full scale conditions than they do 

in the tunnel, so that it is of the utmost importance to obtain tests on wings of this kind in 

free flight. It was also shown by these tests that the center of pressure travel pn thick wings 

is not necessarily greater than on thin wings. 

While some of the sections developed in this report probably combine more advantages 

in one airfoil than any sections so far developed, it is very probable that by using a different 

master section and by using other types of plan form that even better results can be obtained, 

and research is now being carried out in these directions. 
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Stations and Ordinates at Center and Tip of Span for 
N. A. C. A. Aerofoils—Group A. 

Sta¬ 
tions in 

No. 69. No. 66. No. 68. No. 71. 

per cent 
of 

chord. 
Upper. Lower. Upper. Lower. Upper. Lower. Upper. Lower. 

0.00 0.96 0.96 1.50 1.50 2.52 2.52 3.35 3.35 
1.25 2.17 0.10 3.38 0.15 5.66 0.25 7.55 0.34 
2.50 2.77 0 4.31 0 7.23 0 9.64 0 
5 3.76 0 5.85 0 9.81 0 13.08 0 
7.50 4.62 0 7.20 0 12.08 0 16.10 0 

10 5.33 0 8.31 0 13.92 0 18.56 0 
15 6.30 0 9.81 0 16.45 0 21.93 0 
20 6.90 0 10.75 0 18.03 0 21. 03 0 
30 7.58 0 11.80 0 19.79 0 26.37 0 

*40 7.58 0 11.80 0 19.79 0 26.37 0 
50 7.15 0 11.14 0 18.68 0 21.90 0 
60 6.34 0 9.87 0 16.51 0 22.05 0 
70 5.28 0 8.22 0 13.77 0 18.36 0 
80 4.05 0 6.30 0 10.57 0 14.08 0 
90 2.65 0 4.13 0 6.92 0 9.22 0 
95 1.90 0 2.96 0 4.97 0 6.62 0 

100 0.55 0.55 0.86 0.86 1.45 1.45 1.92 1.92 

*33.3 7.66 0.00 14.93 0.00 20.00 0.00 26.66 0.00 

No. 64 is the master section of this group and its ordinates are given with 
fig. 2, Group B. 

Fig. 6. Lift coefficient - CL 
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Stations and Ordinates at Center and Tip of Span 
for N. A. C. A. Aerofoils.—Group B. 

Sta- Nos. No. No. No. No. No. 
tions, 64-62, 64. 62. 65. 61. 77. 
in per 65-61, 
cent of 77-64, 
chord. Upper. Lower. Lower Lower. Lower. Lower. 

0 2.00 2.00 2.00 2.00 2.00 2.00 
1.25 4.50 0.20 0.46 -0.37 -0 46 -0.64 
2.50 5.75 0 0.75 -060 —0.75 -1.05 
5 7.80 0 1.39 -1.11 -1.39 -1.94 
7.50 9.60 0 1.94 -1.55 -1.94 -2.71 

10 11.07 0 2.50 -2.00 -2.50 -3.50 
15 13.08 0 3.44 -2.75 -3.44 -4.81 
20 14.33 0 4.19 -3.35 -4.19 -5.86 
30 15.73 0 5.04 -4.03 -5.04 -7.05 

*40 15.73 0 5.04 -4.03 -5.04 -7.05 
50 14.85 0 4.75 -3.80 —4.75 -6.65 
60 13.15 0 4.17 -3.33 -4.17 -5.82 
7a 10.95 0 3.38 -2.70 -3.38 -4.72 
80 8.40 0 2.41 -1.93 -2.41 -3.38 
90 5.50 0 1.25 -1.00 -1.25 -1.75 
95 3.95 0 0.63 -0.50 -0.63 -0.87 

100 1.15 1.15 1.15 + 1.15 + 1.15 + 1.15 

*33.3 15.90 0.00 5.13 -4.10 -5.13 -7.17 
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Group C—At Center of Span. 

Sta¬ 
tions, 
in per 
cent of 
chord. 

Nos. 
54-55, 
56-57, 
58-73, 
Upper. 

No. 
54. 

No. 
55. 

No. 
56. 

No. 
57. 

No. 
58. 

No. 
73. 

Lower. Lower. Lower. Lower. Lower. Lower. 

0 2 00 2.00 2.00 2 00 2.00 2.00 2.00 

1.25 4.50 0.46 0 42 0.20 0 42 -0.46 -0.56 

2.50 5 75 0.75 0.67 0 -0.67 -0.75 -0.90 

5 7.80 1.39 1 25 0 -1.25 -1 39 -1.67 

7.50 9.60 1.94 1.74 0 -1.74 -1.94 -2 33 

10 11.07 2.50 2 24 0 -2.24 -2.50 -3.00 
15 13.08 3.44 3 09 0 -3.09 -3.44 -4.13 

20 14.33 4.19 3 76 0 -3.76 -4.19 -5.03 

30 15.73 5.04 4.52 0 -4.52 -5.04 -6.05 

*40 15.73 5.04 4 52 0 -4.52 -5 04 -6.05 

50 14.85 4.75 4 26 0 -4.26 -4.75 -5.70 

60 13.15 4.17 3 74 0 -3.74 -4.17 -5.00 
70 10.95 3.38 3.03 0 -3.03 -3.38 -4.05 

80 8.40 2.41 2.17 0 -2.17 -2.41 -2.90 
90 5.50 1.25 1.12 0 -1.12 -1.25 -1.50 
95 3 95 0.63 0.56 0 -0.56 -063 -0.75 

100 1.15 1.15 1.15 1.15 + 1.15 + 1.15 + 1.15 

*33.3 15.90 5.13 4.60 0.00 -4.60 -5.13 -6.15 

At Tip of Span. 

0 0 50 0.50 0.50 0.50 0.50 0.50 0 50 
1.25 1.12 0.12 0.10 0 05 -0.10 -0.12 -0.14 
2.50 1.44 0.19 017 0 —0 17 -0.19 -0.22 
5 1.95 0.35 031 0 -0.31 -0.35 -0.42 
7.50 2.40 0.48 043 0 -0.43 -0.48 -0 58 

10 2.76 0.62 0.56 0 -0.56 -0 62 -0.75 
15 3 27 0.86 0.77 0 -0.77 -0 86 -1.03 
20 3.58 1.05 0.94 0 -0 94 -1.05 -1.26 
30 3.93 1.26 1.13 0 -1.13 -1.26 -1.51 

*40 3 93 1.26 1.13 0 -1.13 -1.26 -1.51 
50 3.71 1.19 1 07 0 -1.07 -1.19 -1.43 
60 3.28 1.04 0.93 0 -093 -1.04 -1.25 
70 2 73 0.84 0.76 0 -0.76 -0.84 -1.01 
80 2.10 0.60 0.54 0 -0.54 -0.60 -0.72 
90 1.37 0.31 0.28 0 -0.28 -0.31 -0 38 
95 0.99 016 0.14 0 -0.14 -0.16 -0.19 

100 0.29 7.29 0.29 0.29 +0.29 +0.29 + 0 29 

*33.3 3.97 1.28 1.15 0.00 -1.15 -1.28 -1.54 

53006—23-35 

Fig.I3 Lift coefficient = CL 
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Stations and Ordinates for N. A. C. A. Airfoils—Group D. 

Nos. 64 59, 60, No. 72, center of No. 72, tip of 
Stations 
in per 

center and tip. span. span." 

OClit U1 

chord. 
Upper. Lower. Upper. Lower. Upper. Lower. 

0 2.00 2. 00 2. 00 2.00 -M 
1.25 4.50 0. 20 4.50 0.20 .9 
2.50 5. 75 0 5. 75 0 04 
5 7.80 0 7.80 0 03 
7.50 9.60 0 9.60 0 D 

10 11.07 0 11.07 0 
15 13.08 0 13.08 0 
20 14.33 0 14.33 0 CD 

30 15.73 0 15.73 0 T3 
*40 15.73 0 15.73 0 

50 14. 85 0 14.85 0 
60 13.15 0 13.15 0 0 
70 10.95 0 10.95 0 3 
80 8.40 0 8.40 0 5 
90 5.50 0 5.50 0 
95 3. 95 0 3.95 0 

100 1.15 1.15 1.15 1.15 
"2 

*33.3 15. 90 0.00 15.90 0.00 
O 
& 
o • 
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Stations and Ordinates for N. A. C. A. Airfoils—Group CD. 

Nos. 5fi . 79. 82. Nos. 50. 79. tiD of 
Stations center of span. span. in o. up oi span. 

chord. Upper. Lower. Upper. Lower. Upper. Lower. 

0 2.00 2.00 0.50 0.50 
1.25 4.50 0.20 1.12 0.05 .g 
2.5 5.75 0 1.44 0 5 

5 7.80 0 1.95 0 
7.5 9.60 0 2.40 0 

10 11.07 0 2.70 0 
15 13.08 0 3.27 0 <D 

20 14.33 0 3.58 0 <D 
30 15.73 0 3.93 0 Ph 

*40 15.73 0 3.93 0 
50 14.85 0 3.71 0 o 

60 13.15 0 3.2.8 0 CS 
p 

70 10.95 0 2.73 0 ■P 

80 8.40 0 2.10 0 t-4 

90 5.50 0 1.37 0 
95 3.95 0 0.99 0 P 

100 1.15 1.15 0.29 0.29 

*33.3 15.90 0.00 3.97 0 00 
c 

X 
| 

u 

Fig. 19 Lift coefficient = CL 
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Stations and Ordinates for N. a. C. A. Airfoils—Group C'D'. 

Stations 
in per 
cent of 
chord. 

Nos. 73, 80, 81, 
center of span 

Nos. 73, 81, tip of 
span. 

No. 80, tip of span. 

Upper. Lower. Upper. Lower. Upper. Lower. 

0 2.00 2.00 0.50 0.50 
1.25 4.50 -0.56 1.12 -0.14 .a 
2.5 5. 75 -0.90 1.44 -0.22 D 

5 7.80 -1.67 1.95 -0.42 
7.5 9. 60 -2.33 2. 40 -0.58 3 

10 11.07 -3.00 2.76 -0.75 -♦-S 

15 13.08 -4.13 3.27 -1.03 O 

20 14.33 -5.03 3.58 -1.26 <D 

30 15. 73 -0.05 3.93 -1.51 P4 

*40 15.73 -6.05 3.93 -1.51 
50 14. 85 -5.70 3.71 -1.43 
60 
70 

13.15 
10.95 

-5.00 
-4.05 

3.28 
2.73 

-1.25 
-1.01 

5 
T5 

80 8.40 -2. 90 2.10 -0.72 O 
90 5.50 -1.50 1.37 -0.38 d 
95 3.95 -0.75 0.99 -0.19 d 

100 1.15 + 1.15 0.29 +0.29 d 

*33.3 15.90 -0.15 3.97 -1.54 
o 
G 
Cl 

Fig BO Drag coefficient = CD 
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REPORT No. 153. 

CONTROLLABILITY AND MANEUVERABILITY OF AIRPLANES. 

By F. H. Norton and W. G. Brown 

SUMMARY. 

This investigation was carried out by the National Advisory Committee for Aeronautics 

at Langley Field for the purpose of studying the behavior of the JN^h airplane in free flight 

under the action of its controls and from this to arrive at satisfactory definitions and coefficients 

for controllability and maneuverability. The method consisted in recording the angular velocity 

about the three axes, together with the air speed, control positions, and acceleration. An 

analysis of the records leads to the following results: 

1. Both the maximum angular velocity and maximum angular acceleration are pro¬ 

portional to the displacement of the controls. 

2. Both the maximum angular velocity and maximum angular acceleration for a given 

control movement increase with the air speed, rapidly immediately above the stalling speed, 
then nearly proportional to the speed. 

3. The time required to reach each maximum angular velocity is constant for all air speeds 
and control displacements for a given airplane. 

4. The minimum time required to reverse the direction of an airplane by a steeply banked 

turn is a rough indication of its general maneuverability. 

5. Doubling the lateral moment of inertia of an airplane increases the time required to 
bank to 90°, with a maximum control angle, by only 10 per cent. 

6. Controllability has been defined as applying to the moment produced about the center 

of gravity by the action of the controls and maneuverability as the resultant motion. 

7. A simple method is described for measuring the controllability coefficients? 
WUj (ZZy 

and -jj- , and the maneuverability coefficients £0, tg, and . 
z g 

These results are of practical value, as they give a quantitative means of measuring airplane 

maneuverability and controllability, which will allow designers to accurately compare the 
merits of different airplanes. 

INTRODUCTION. 

The combat airplane requires the four aerodynamic essentials of high rate of climb, high 

maximum speed, high diving speed, and maneuverability. It is not within the scope of this 

report to treat the relative importance of these quantities’, but it may be stated that maneuver¬ 

ability in certain kinds of fighting is of extreme importance. The term maneuverability 

itself has been rather ill defined, but it is usually taken to mean that property of an 

airplane which allows the pilot to direct it into the desired position in the shortest possible time. 

Except for a few rather incomplete tests made by the British 1 to record the time required to 

bank an airplane up to a given angle, there has been no quantitative measurements made on 

maneuverability, this quantity being determined only by the personal opinion of the pilot or 

by the comparison of two machines when maneuvering together in the air. It is very difficult 

for a designer to improve the maneuverability of the airplane unless he can obtain actual quan- 

1 R. & M. Nos. 413 and 441. 
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titative measurements on the present machines to determine what factors are responsible for 
an improvement in this quality. 

Controllability has usually been associated by pilots with the response of the airplane to 
correcting movements of the controls, especially at low speeds. The controllability of any 
airplane is satisfactory at high speeds, but it falls off more or less rapidly as the stalling speed 
is approached. Some work has been done in free flight to measure the angle at which the 
controls must be set to balance a known static movement applied to the aii plane bj means 
of weights, for determining the controllability under various conditions.2 3 Unlike maneuver¬ 
ability^ controllability may be measured directly in the wind tunnel by the moments exerted 
about the center of gravity with various positions of the controls. Altogether controllability 
is on a much more scientific basis than maneuverability. 

Below are given a list of the principal references on controllability and maneuverability: 

(1) The factors that determine the minimum speed of an airplane, N. A. C. A. Technical Note No. 54. 
(2) Control in circling flight, N. A. C. A. Report No. 112. 
(3) Practical stability and controllability of airplanes, N. A. C. A. Report No. 120. 
(4) Full scale stability experiments, R. & M. Nos. 326 and 505. 
(5) The longitudinal control of an airplane, R. & M. Nos. 470 and 629. 
(6) The longitudinal control of “X” airplane, R. & M. No. 638. 
(7) Control as a criterion of longitudinal stability, R. & M. No. 636. 
(8) SE5A with modified control surfaces, T1504. 
(9) The longitudinal motion of an airplane, R. & M. No. 121. 

(10) The control of a laterally stable and a laterally unstable airplane, R. & M. No. 209. 
(11) Lateral control of an aeroplane, R. & M. Nos. 413 and 441. 
(12) Maximum control of elevators of different sizes, R. & M. No. 641. 
(13) Full scale experiments with elevators of different sizes. R. & M. No. 409. 
(14) Full scale experiments with different shapes of tail plane, R. & M. No. 532. 
(15) Measurement of control moments on an airplane in flight, Zeitschrift fur Flugtechnilc und Motor- 

luftshiffahrt,” vols. Nos. 21 and 22. 

The present report aims to devise some logical and universal definitions of maneuverability 
and controllability and means for easily making quantitative measurements of these qualities 

of the airplane. To do this the motion of the 
airplane was studied experimentally during 
various maneuvers and a set of coefficients were 
determined which would completely express the 
maneuverability and controllability of a given 
airplane. In a subsequent report the values of 
these coefficients will be determined for a con¬ 
siderable number of airplanes so that we may 
be able to determine more closely than at 
present what features of design lead to great 
maneuverability and controllability of the 

airplane. 
METHODS AND APPARATUS. 

The instruments used in this investigation 
consisted of an angular velocity recorder, a 
recording air speed meter, a control position 
recorder, and an accelerometer. All of these in¬ 

struments have been fully described in preceding reports.4 The instruments were all synchron¬ 
ized by illuminating a timing light in each instrument simultaneously by means of a motor- 
driven chronometer. (Fig. 1.) The measurements of rolling angle were made by pressing a key 
at the instant the inner landing wires were aligned with the horizon, thus lighting the timing 
lights for an instant. _ 

2 Control in circling flight, N. A. C. A. Report No. 112. 
8 Measurement of control moments on an airplane in flight, “Zeitschrift fur Flugtechnik und Motorluftshittanrt, vol. os. an 

* N. A. C. A. Reports Nos. 99, 100, 112, and Technical Note No. 64. 
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Fig. 2.—Giving the positive direction 

of axis and angles as shown by 

arrows. 

In making the maneuverability tests the airplane was first flown steadily at the desired 

speed; all the instruments were started together with a common switch; then the given controls 

were moved to a definite angle as suddenly as possible and held at that angle until the machine 

had rotated through approximately 90°. This procedure was then repeated for various air 

speeds and motor speeds and with various angles of control movement. It may be contended 

that in these tests the personal element was not entirely eliminated as 

this might have come in, in the rapidity with which the controls are 

moved over. The control position, records showed however, that the 

times to move the controls as quickly as possible to a given angle were 

very consistent; but if greater uniformity were desired, it would be 

quite easy to move the controls by means of a spring of known 

tension. 

The scope of the tests consisted in taking records when the ma¬ 

chine was rotated about the X, Y, and Z axes with the ailerons, ele¬ 

vators, and rudder, respectively. Figure 2 shows the positive direc¬ 

tions of axes and angles as shown by arrows. In each case the air 

speed was varied between 40 and 80 miles per hour with the engine 

turning at 1,400 revolutions per minute, and three separate control angles were used up to the 

maximum possible movement. In some cases the tests were repeated with the engine throttled. 

Of the records taken, only those from the angular velocity recorder are of direct use, the 

others being merely to check the accuracy of the pilot’s flying. Some examples of these records 

about the X axis are shown in Figure 3. As these records are angular velocities plotted against 

time, the height of the curve at any point from the zero line will give the 

angular velocity in radians per second, the slope of the line will give the angu¬ 

lar acceleration at that time, and the area under the curve from any given time 

will give the angular displacement. In most of the records it was necessary 

only to measure the maximum angular velocity and the maximum angular 
acceleration. • . 

The precision of the readings of angular velocity are of the order of 5 

per cent and the precision of the angular acceleration is of approximately 

the same amount. The control positions were recorded with a precision of 

approximately 1°, while the timing is precise to two-fifths of a second. The 

values as plotted on the curves of angular velocity and acceleration are often 

as much as 20 per cent from the mean curve, which can be accounted for by 

unsteady air conditions or by a slight movement of the other sets of controls 

which were supposed to have been held stationary. The curves, however, 

plotted through these points should have a precision in all cases of better than 

10 per cent, which is quite sufficient for the work in hand. It might be noted 

here that since these tests were completed the angular velocity recorder 

has been altered so that its errors have been decreased to the neighbor¬ 

hood of 1 per cent. Also in further tests of this kind the precision of 

the results can be considerably increased by locking the controls which 

moved and by giving a more definite movement to the control under 

Fig. 3.—Motion about 

the X axis. 

are not being 

consideration. 

RESULTS. 

MOTION ABOUT THE X AXIS. 

If L' be the moment due to the controls about the X axis it may be assumed that the 
nngular motion of the airplane is determined by the following equation: 

(rT) 

L — mb Ap p + Lq2 LiT4 Lu u + Lw v + Aw w, 

where the derivatives have the usual meanings. 

The motion about the X axis is a symmetrical case, while the motion about the other two 

axes are unsymmetrical. For this reason we will consider at first only the motion about the 
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X axis in order to illustrate the general behavior of the airplane when acted upon by the con¬ 

trol surfaces. 
If the ailerons are suddenly turned to some definite angle in steady flight and held there 

while the airplane rolls, the moment L is approximately expressed by: 

L=Kl A m dt+J-f V- 

Where 
L is the rolling moment due to the ailerons. 

KA2m, the lateral moment of inertia. 

Lp is the damping coefficient due to roll. 

p is the rolling velocity. 

At the first instant the ailerons are moved, p will be very small, but ^ will be large, so that 

L = KA2m 
dp 
dt 

After a short interval, however, p becomes constant and 

L = Lp p. 

Perhaps the behavior of the machine can be made clearer by an actual example. Data 

were taken on a JNJth by the methods described previously in this report to show the action of 

Fig. 4.—Rolling with ailerons up to a 60° bank on a JN4h at 80 M. P. H. Aileron angle= 13°. 

the airplane when rolling up to a 60° bank at an air speed of 80 miles per hour when the ailerons 

are suddenly turned to 13° and the other controls are held neutral. (Fig. 4.) The last end 

of the record is not as accurate as the other portions as the sideslip at this time had become 

large. 
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It will be seen that the angular velocity rises to a constant value of 0.35 radian per second 

in 4°, or 0.4 second, which is maintained up to 53°, when it decreases to zero. The angular 

acceleration reaches a maximum of 1.5 radians per (second)2 at 2° and falls off to zero at 4°, 

and it remains zero until the rotation begins to be stopped at the end of the record. If the 

value of Lp is taken as — 325 5 for 80 miles per hour, the curve of Lp is similar in shape to that of 

U/T) . . . (LD 
p and the curve of KA2m ^ is similar to that of ^ ■ L is evidently the sum of these curves 

and is characterized by a high peak of 7,000 foot-pounds at 3°, which at once falls to a constant 

value of 4,100 pounds. It is interesting to note that the value of L when there is no rotation 

and with the ailerons at 13° is 9,000 foot-pounds.2 From this data we may approximately 

plot the variations in L with the variations in p. (Fig. 5.) It is evident that L falls off as p 
increases, although the form of the curve is not determined here with any great accuracy. 

If the angular velocity in roll is plotted against time, Figure 6, there is an approximately 

uniform increase up to a certain point and then a constant value. As will be shown later the 

time required to reach the constant value is always the same under all conditions for a given 

airplane, so that the number of degrees turned in a unit time, that is, the area under the curve, 

will be proportional to the maximum angular velocity. Therefore we may conclude that the 

maximum angular velocity and the angle turned in a unit time are equivalent measures for a 

given airplane. 
It might be thought at first that the quickest way to roll an airplane would be to put the 

ailerons hard over as suddenly as possible, but control-position records show that the pilot 

when making a barrel roll in which it is necessary to produce the greatest possible rolling mo¬ 

ment, does not use the ailerons.6 The manner in which the rolling moment is produced can be 

explained most clearly by taking a concrete example. Let us consider an airplane of the 

JN4h type which has the following characteristics: 

Fa = 6.3 feet. 

m =72 slugs. 

Lp = — 325 at 80 miles per hour (ft. lbs. sec.). 

.Lv =0.4 at 80 miles per hour and 20° yaw. (ft. lbs. sec.). 

a =4.5 g. (ft. sec.). 

1 Control in circling flight, N. A. C. A. Report No. 112. 

6 From a model test of a JN2, probably too large. Free flight determinations of this coefficient are now being made. 

c A study of airplane maneuvers, with special reference to angular velocities, N. A. C. A. Report No. 155. 
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In performing a barrel roll the pilot first pulls back on the stick in order to produce a large 

normal acceleration, and a little later the rudder is kicked hard over, which produces a con¬ 

siderable angle of yaw at the same time that the acceleration reaches a maximum. Tests 

which have been made on this type of machine to determine the value of Lv at a given angle of 

yaw show that the value of L produced in this way is 

L = 4.5 mLvv. 
= 4.5x72x0.4x118 sin 20°. 
= 5200 foot-pounds. 

This moment at first seems small, as it is only a third of the maximum static moment 

producible by the ailerons alone. There is this important difference, however; the aileron 

moment falls off to almost insignificant proportions as soon as rolling begins, whereas the moment 

due to yaw maintains its high value for a considerable length of time. 

In order to bring together the data relating to the motion of the airplane about the X 

axis there has been plotted in Figure 7 the following quantities: 

(а) The angular velocity. 

(б) The maximum angular acceleration. 

(c) The time required to roll up to 36°. 

(d) The time required to roll up to 14°. 

(e) The time required to reach a constant value of angular velocity. 

All of these quantities are plotted on a common base of aileron angle in degrees. 

The results are further summarized in Figure 8 where a curve is plotted of the slope of the 

preceeding curves of angular velocity, against air speed. A similar curve is plotted for 

angular acceleration and a third curve for static moment. 

An examination of these curves leads to the following conclusions: 

1. The angular velocity rises quickly to a steady value which is maintained up to a large 

angle. 

2. The maximum angular velocity is in all cases proportional to the aileron angle for any 

given air speed. 

3. The time required to reach the maximum angular velocity is constant, at least up to an 

aileron angle of 18°, under all conditions, and for the JNJ^li is 0.40 second. 

4. The maximum angular acceleration is proportional to the aileron angle for any given 

air speed. 

The values of both and are zero at stalling speeds, increasing rapidly at first and 

then more slowly; the increase from stalling speed being approximately proportional to the square 

root of the air speed. The time required to bank to a given angle decreases as the air speed 

increases and is a minimum with an aileron angle of approximately 20°. 

MOTION ABOUT THE Y AXIS. 

The consideration of the maneuverability about the Y axis is not as simple as for the sym¬ 

metrical case. We have here not only to consider the angular movements of the machine 

itself, but also the form of the path taken by the airplane. For example, if we consider an 

airplane banked vertically and turning in a uniform horizontal circle, the change in direction 

of path must be equal to the angular velocity of the airplane. It is obvious that if the angular 

velocity of the airplane was maintained at a higher value than the angular velocity of the path, 

in a short time the airplane would be rotated around until it was moving through the air tail 

first, which would of course be an impossible condition. Longitudinal maneuverability depends 

then largely upon the minimum radius of turn for that particular machine. 

In order to make a loop or vertically banked circle with the smallest radius of curvature, 

the airplane must have at all times an angle of attack corresponding to the maximum lift. The 

radius of turn under these conditions will then be equal to the square of the minimum flying 

speed divided by the acceleration of gravity, as will be shown later. Few airplanes have 

powerful enough longitudinal control to attain the angle of maximum lift in steady flight and 

this is evidenced by the elevator curves given in Figure 9. Actually, however, an airplane can 
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be brought for a short time up to, or even beyond, the angle of maximum lift due to the impulse 

of the angular momentum. This is shown clearly by the curves in N. A. C. A. Report No. 105. 

Such a method of momentarily increasing the angle of attack is of little practical value in 

maneuvering, as the drag of the machine is enormously increased for a considerable length of 

time. For a satisfactory longitudinal control it is necessary, therefore, to have powerful enough 

elevators to overcome the natural stability of the airplane. This problem is a difficult one 

because of the great diving moment exerted by the wings and tail plane at high angles of attack. 

This is evidenced by Figure 9, referred to before. To decrease the air speed below 50 miles an 

hour requires a large elevator angle even on this airplane which has an especially powerful 

control. The only solution which presents itself is to increase the area of the elevator or even 

to eliminate the tail plane entirely as is done in the Salmson biplane. 

When an airplane is flying in a correctly banked circle the angle of attack of the wings 

must be greater than for the same velocity in level flight in order to balance the component due 
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Fig. 10.—Performance of a JN4h airplane during a loop. 
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Fig. 11.—Motion about the Y axis. 

to the centrifugal force. If F be the centrifugal force, W the weight of the airplane and V\ 
and V2 the velocities necessary for equilibrium in level flight and in the turn respectively for 

the same angle of attack, we can say: 

and the radius of turn r is 

or 

F = W Zl2 
v22 

w T/2 V22 
r=— • V { 

V22 
9 WV2 g 

if V2 is the minimum speed in level flight then r will be the minimum radius of turn. 

In a vertically banked turn or a loop the minimum radius is independent of the air speed, 

so that the minimum time taken to complete the maneuver will be inversely proportional to 

the air speed. The air speed in rapid maneuvers is limited however by the strength of the air- 

V2 
plane, for the loading on the wings equals mg y 2' 
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As an example let us assume that Fs is 40 miles per hour and the maximum allowable 

acceleration is 4 g., that is, F=80 miles per hour. The minimum radius of turn in a vertically- 

banked circle will then be 107 feet, thus requiring 5.8 seconds to complete the circle. 

To show more clearly the behavior of an airplane in a longitudinal maneuver there is plotted 

in Figure 10 all of the important characteristics during a loop as taken by recording instruments. 

Except for the angle of attack, which was separately measured on a similar loop, all the records 

were taken simultaneously. Examining the curve of angular velocity it is evident that there 

is a uniform acceleration up to 4 seconds, a nearly constant value for 5 seconds, and a uniform 

deacceleration for the last 4 seconds. It will also be noticed that at times the angle of attack 

reaches values considerably beyond that of maximum lift. 

The angular velocity of an airplane was studied when the elevator was pulled up suddenly 

in the same manner as described for the ailerons. The resulting curves, however, differ consid¬ 

erably from those about the X axis as shown in Figure 11. In this case the angular velocity, 

q, rises rapidly to a maximum and then falls off more slowly. The reason that q is not maintained 

constant after arriving at its maximum value is due to the fact that the air speed falls off to 

Air-speed - M.P-H- 

Fig. 13.—Motion about Y axis for JN4h. 

low values after a few seconds and a large diving moment is set up. In the same way as for the 

ailerons, curves are plotted in Figures 12 and 13 to show the characteristics of the angular 
motion about the Y axis. 

An examination of these curves leads to the following conclusions: 

1. The maximum angular velocity for a given air speed is proportional to the change in 
elevator angle. 

2. The maximum angular velocity is reached in approximately the same length of time 
for all conditions of flight, namely, 1 second. 

3. The values of when plotted against air speed rise rapidly from the stalling speed to 

50 miles per hour, then more slowly in proportion to the air speed. The values with the engine 

throttled are about 0.017 unit lower than with the engine on, due to the decreased speed of the 
air over the tail in the latter case. 

MOTION ABOUT THE Z AXIS. 

The motion about the Z axis is, like the preceding case, unsymmetrical. In actual flight 

no maneuvers are made about this axis of any duration, so we need concern ourselves only with 

the small angular movements, and can neglect the cross wind force. 

63006—23-36 
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In Figure 14 is shown a typical curve of angular velocity against time produced by kicking 

the rudder o\er suddenly. It vdl be noticed that it is very similar to the preceding case—the 

curve rising to a sharp peak. The angular velocity falls off because of the large restoring 

moment brought into play when yawing, and because of the loss of air speed. 

Curves are plotted in Figures 15 and 16 as for the preceding cases to show the angular 

velocity for various air speeds and rudder angles. The tests were carried out with engine on 

Fig. 14.—Motion about the Z axis. I ig. 15.—Motion about the Z axis, engine on. 

and off, but the results from the latter are not very satisfactory. The following conclusions can 

be arrived at from an examination of the curves: 

1. The maximum angular velocity for a given air speed is proportional to the change in 

rudder angle. 

2. The maximum angular velocity is reached in approximately the same time for all con¬ 

ditions of flight, which for this machine is about 1.5 seconds. 
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Fig. 15.—Motion about the Z axis of a JN4h. 

dr 
3. The values of when plotted against air speed rise rapidly from the stalling speed, but 

more slowly at higher speeds. With the motor throttled the values are considerably lower. 

MOTION ABOUT ALL THREE AXES. 

In general a maneuver requires the use of all controls and as these interact on each other 

it is difficult to analyze their separate effects. The general behavior of an airplane however 

has been carefully examined during all of the usual maneuvers in flying by means of recording 
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instruments.7 It seems to be generally accepted that the time required to completely reverse 

the direction of the airplane is an important factor in a combat. As there are several methods 

of accomplishing this, they were all tried out on several machines and with several pilots. 

The simplest way to reverse the direction quickly is to make a steeply banked turn (Fig. 17). 

. The times required to accomplish this, averaged from a large number of runs, are given in the 

table below. The times were taken with a stop watch from the plane, and covered the space 
from horizontal flight in one direction to that in the other. 

Banked turns. 

Pilot. Airplane. . Air speed 
at start. 

Time for 
180° in 

seconds. 
Date. 

Carroll. JN4h. 60 
70 
80 
70 
80 
90 
60 
70 
80 

65-85 
70 
80 
90 

13.1 
13.4 
15.1 
10.5 
8.5 
8.5 

16.8 
15.5 
14.6 
8.0 

13.9 
12.1 
10.1 

Dec. 3, 1921. 
Do. 
Do. 
Do. 
Do. 
Do. 

Dec. 7,1921 
Do. 
Do. 

Dec. 6,1921. 
Dec. 7,1921. 

Do. 
Do. 

Do. JN4h. 
Do.. JN4h. 
Do. VE7. 
Do. VE7 . 
Do. VE7 . 
Do. JN4h. 
Do. JN4h. 
Do. JN4h 
Do. SE5. 

McAvoy. VE7. 
Do!. VE7. 
Do. VE7. 

All of the times are the average of three to six readings. 

The times show that the turn can be made more rapidly at higher speeds than at low, but 

the difference is less than was indicated previously in this report from theoretical considerations. 

This is undoubtedly due to the fact that the pilot unconsciously eases off at the higher speeds 

due to the large accelerations experienced. It is also evident that the time may vary by 10% 

between tests with the same machine and pilot on different days, and as much as 20% between 

different pilots. The comparison between the three machines used gives a ratio of times of about 

15, 9, and 8 for the JN^Tt, VE7, and SE5, respectively. This ratio expresses very closely the 

average pilot’s opinion of the maneuverability of the respective machines. It should be noted 

however that this is not a very scientific way of comparing machines as the times depend to 

a considerable extent on the pilot’s willingness to punish his airplane. It serves however to 

give quickly an approximate value for the general maneuverability of an airplane. 

While making the turns referred to above it was noticed that when all of them were divided 

into two groups, one for turns into the wind and the other for turns down wind, that there was 

a very consistent difference in time, the turns into the wind taking on the average 0.7 second 

less than those with the wind. Theoretically, of course, there should be no such difference 

and the explanation of it is at present unknown. It may be due to the structure of the air or 

simply to the ground speed unconsciously affecting the pilot or observer. 

Another method of reversing the direction of flight quickly is an evolution termed a “wing 

over” as shown in Figure 18. In the table below are given the times required for this method 
of turning: 

Pilot. Airplane. Air speed 
at start. 

Time for 
180°in 
seconds. 

Date. 

Carroll. JN4h 70 
80 
80 
80 
95 
70 
80 

10.0 
9.1 

13.7 
11.3 
8.0 

10.1 
7.5 

Dec. 3,1921. 
Do. 
Do. 
Do. 
Do. 

Dec. 7,1921 
Do. 

Do. VE7.. 
McAvoy. VE7... 

Do . VE7.. 
Do. VE7... 

Carroll. JN4h 
Do. SE5.. 

' A study of airplane maneuvers, N. A. C. A. Report No. 155. 

Fig. 18.—Wing over. 
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The times given here are not as consistent, as for the banked turn due to the greater com¬ 

plication of the maneuver, so that the relative values of the machines can not be judged accu¬ 

rately. On the whole this maneuver is one or two seconds quicker than the banked turn. 

A third method of turning is the reverse turn (fig. 19), the times for which are given in 

the following table: 

Fig. 19.—Reverse turn. 

Pilot. Airplane. Air speed 
at start. 

Time for 
180° in 

seconds. 
Date. 

Carroll. JN4h. 70 7.8 Dec. 3,1921 
Do. VE7. 80 9.2 Do. 

McAvoy. VE7. 80 7.7 Dec. 7,1921 
Carroll.". JN4h. 70 9.8 Do. 

The times given here are not very consistent, as they depend on the pilot’s willingness to 

punish the machine. There is no doubt, however, that this is the most rapid method of turning, 

but it has the disadvantage in combat work of necessitating a considerable loss in altitude and 

putting the plane for a time in an attitude in which it is not controllable. 

THE EFFECT OF MOMENT OF INERTIA ON MANEUVERABILITY. 

In designing airplanes for combat work where great maneuverability is desired it has 

always been recognized that a small moment of inertia was to be desired. Just what effect the 

moment of inertia has on maneuverability has been unknown, so that it seems desirable to 

study this problem quantitatively here. All the discussion and experiments refer to the motion 

about the X axis for simplicity but the other motions are analagous. We have seen that the 

rolling moment due to the ailerons is submitted to the condition: 

v-JtuS-L*). 
From the curve connecting L' and p shown in Fig. 5 we may also write: 

L'=Kp + c 

where K and c are the constants determining the straight line. 
Then: 

mKA2 ^ — p{mLv + K) —c = o 

and 

if t = o when p = o. 

[ (.K+mLp)t 

c I e mK^ — 1 
V~ ■ K+inLr 

] 
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The angle rotated through in time t will be: 

4> 

r * c p rc r ka2m / {K+mLp)t 

g Kjm - 'H 
Taking from Figure 5 values of c and Tc corresponding to an aileron setting of 13° and an air 

speed of 80 miles per hour, curves of <t> and t have been plotted in Figure 20 for values of KA2 
corresponding to a normal JNl+h and also one having twice the polar moment of inertia. The 

values of Lp from the model test of -325 as previously used in this report seemed to be too 

high to give results in good agreement with the actual performance, so a value of Lp just 

obtained on this airplane in free flight of -154 was used. This value is the only point so 

far obtained in flight so that it should be considered only tentatively, but it is probably closer 

than the wind tunnel result of twice the value. 

It can be seen that if t is small, a change in the moment of inertia has a relatively large 

effect, but if t is large the effect is small. For if ?!=0.4 doubling the moment of inertia decreases 

it by 27 per cent; if t= 1 it is decreased by 12 per cent, and if t=2 by 6 per cent. The above equa- 

a JN4h at 80 M. P. H. with ailerons at 13° (calculated). 

tions do not apply strictly to the actual conditions due to the fact that an appreciable time is 
required to move the controls. 

In order to determine experimentally the effect of increasing the moment of inertia of an 

airplane on its maneuverability, sufficient weight was applied to the wing tips to double the 

lateral moment of inertia of a JN4h airplane. As these weights amounted to approximately 

150 pounds on each wing tip it was not considered advisable to make a landing with them in 

place; so that the same method was used for releasing the weights as described in N. A. 0. A. 

Report No. 112. This method consisted in applying to each wing tip a streamline box filled 

with sand with a hinged bottom which could be opened from the cockpit of the machine. In 

making the tests the sand boxes were loaded up to their proper capacity and the tests were 

made in the usual way, then the boxes were emptied before landing. 

The same series of runs was made with the sandboxes in place as had been made previously 

recording the angular velocity when the stick was moved suddenly over through various angles. 

The results obtained are plotted in Figure 21 which are strictly comparable with Figure 8 apply¬ 

ing to the normal machine. An examination of the curves shows the following facts: 

1. The maximum angular velocity is independent of the moment of inertia, as would be 
expected. 

2. The maximum angular acceleration is reduced 50 per cent by doubling the moment of 
inertia, which agrees with theory. 

3. The time required to reach the maximum angular velocity is constant and amounts to 

approximately 0.9 second which is slightly over twice that obtained for the normal airplane. 
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4. The increased time to bank to 14° is given in the following table: 

“ JN4h,” 80 miles per hour. 

Aileron 
angle. 

Time to 
bank 14° 

with 
normal 

machine 
in seconds. 

Increase 
in time by 
doubling 
moment 

by inertia. 

4° 2.3 
Per cent. 

1 
8° 1.3 7 

12° 0.7 20 
16° 0.4 00 

It may be noted from these results that the time necessary to bank to an angle of approxi¬ 
mately 14° is increased by about 10 per cent when the time required is approximately 1 second; 
which corresponds to an aileron angle of 10°. This figure checks remarkably well with the 
value derived from the theory. If we use a relatively large aileron movement of 16° the time 
required to bank to 90° is only increased 10 per cent by doubling the moment of inertia. It 
would seem, then, from these figures that a small moment of inertia for a combat machine is 
not as necessary as has been previously supposed. Although the work done here has been 
only about the X axis there is no reason to believe that the figures would not apply equally 
well to motion about the other axes. 

It might be well to bring out the fact here that it is practically of no value in a combat 
machine to have a small longitudinal moment of inertia, which is contrary to the ideas of most 
designers. If we took any airplane and went to the extreme of doubling the longitudinal mo¬ 
ment of inertia we would increase the time to complete a loop, for example, by only 1 or 2 
per cent. The reason why small rotary-motored airplanes are usually maneuverable longitu¬ 
dinally is not because of a small moment of inertia but because of a light wing loading and 
a short fuselage which decreases the value of Mq. 

CENTER OF ROTATION. 

If we consider the angular motion of an unrestrained body like an airplane in flight, there 
must be for each axis an instantaneous center of rotation. In a great deal of the work which 
has been done on airplanes, it has been assumed that all rotations occurred about the center 
of gravity. It is a well-known fact in mechanics, however, that an unrestrained body, when 
acted upon by an impulsive force (such as a suddenly applied tail load) need not rotate about 
its center of gravity. As the center of rotation is of considerable importance in determining 
the errors in the reading of an accelerometer or of an angle of attack vane, it may not be out 
of place to call attention to its location under various conditions. 

If A = the distance in feet from the center of gravity to the center of rotation. 
p = the distance in feet from the center of gravity to the application of the force. 
Tc — radius of gyration. 

hp = Jc2 
or 

V 

As an example let us consider an airplane where KA2 = 40 and p = 12. The center of rota¬ 
tion would then be 3.3 feet ahead of the center of gravity, a not unimportant distance. Of 
course all motion about the X axis will be symmetrical. 

THE EFFECT OF ENGINE POWER ON MANEUVERABILITY AND CONTROLLABILITY. 

It is an acknowledged fact that an airplane may be handled more rapidly when the engine 
is opened out than when it is throttled, and in the same way a high-powered machine is quicker 
than a low-powered one. This is due, first, to the fact that the velocity of the air over the tail 
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surfaces is dependent on the engine speed, and, second, that a large propeller thrust allows a 

higher and more uniform air speed throughout a maneuver. 

The effect of engine power on the value of the coefficients can easily be determined in flight, 

but the direct relation of power to maneuverability has not been carefully studied and can 

well form the basis for further investigation. It is hoped that we shall soon be able to continue 

the work in this direction. 

DEFINITIONS OF CONTROLLABILITY AND MANEUVERABILITY. 

After careful consideration of the preceding data it was thought advisable to distinguish 

between the forces exerted by the controls and the resulting motion of the airplane. Controlla¬ 

bility is applied to the first, and maneuverability to the second. This seems to make a clear 

and satisfactory distinction between the two words. The following definitions have been 

decided upon: 

Controllability of an airplane is the ratio of M/i. where M is the additional moment about a principal axis applied 
to make the airplane perform the same motion under the same conditions except with a change i in the setting of the 
respective control surfaces. 

The maximum control is the maximum moment that can be produced about a principal axis of the airplane by the 
movement of the respective control surfaces. 

The efficiency of the control is the ratio of M to the force exerted on the stick or rudder bar to hold the respective 
control surface in a given position. (Moments in foot-pounds and forces in pounds.) 

An airplane maneuver may be defined as any departure from uniform rectilinear motion. 
The maneuverability of an airplane may be defined as that property which permits the pilot to direct it easily and 

quickly through any desired maneuver. 

The definition of controllability is universal and applies to any type of flight, but it can 

not be readily measured except in uniform rectilinear flight. The controllability characteristics 

of an airplane are of course directly measured in the wind tunnel where moments are taken 

about the center of gravity of the machine with various settings of the control surfaces. In 

free flight however, the measurements are more difficult, as it is here necessary to apply known 

moments to the machine by the addition of weight and then to measure the angle at which the 

control surfaces must be set to fly in equilibrium. These measurements can be made easily and 

accurately so that controllability coefficients can be readily obtained upon any machine. The 

definition for the controllability coefficients is given below: 

A coefficient of controllability is the slope of the curve of 
degrees). 

The coefficients for the X, Y, and Z axes are respectively 

M plotted against i (moment in foot-pounds and angle in 

dL dM 
dix’ diy ’ 

and^. 
di. 

Of course, the coefficients and ^- will vary with the engine speed as well as air speed, 

due to the action of the slipstream. 

The coefficients of maneuverability are not as easy to define and the measurements can not be 

made as directly. We must have a coefficient which will take into account the following 
quantities: 

(1) The moment of inertia of the airplane. 

(2) The moment of inertia of the control system. 

(3) The damping due to rotation. 

(4) The moment exerted by the controls. 

It is obvious from the previous consideration that neither the maximum angular velocity 

nor the maximum angular acceleration will fulfill these conditions. Let us examine the typical 
curve of rolling moment plotted against time caused by a sudden change in the aileron setting. 

(Fig. 6.) It will be observed that the velocity increases rather steadily up to a maximum 

value which is then maintained steadily. As has been previously shown the time taken to reach 

this steady value is constant for any given airplane under all conditions of speed or control set¬ 

tings. If we then take a length of time which is longer than the time to reach the maximum 

angular velocity which we will call t, and then measure the area under the velocity curve up 

to this time, we will have the number of degrees turned in time t. If the process is repeated 
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with a curve of rotation about the Y or Z axis (fig. 22), we will obtain the same results except 

that the angular velocity does not maintain itself at a constant value but falls off rather rapidly 

after the maximum. If the time t, however, is not too long we should be able to get consistent 

results with this type of curve. This area under the angular velocity curve will then give us in 

one value the combination of all the factors which determine maneuverability. The use of this 

area, however, is an added advantage in that it can be determined directly on 

the airplane without the use of complicated instruments. To measure it, all 

that is necessary to do is to determine the angle through which the machine 

rotates in a. given length of time t. In actual practice, however, we can 

obtain the same results more easily by taking the time required to rotate 

through a given angle. 

This method of measurement will then give us values of maneuver ability 

about each axis of the airplane. We have however to take into account 

another factor when considering the motion about the Y axis and this is the 

minimum radius of curvature of turning. For this reason it will be necessary 

to introduce a fourth coefficient of maneuverability which may be found from the minimum 

speed of the airplane. The four coefficients may then be defined as follows: 

The coefficient of maneuverability is the time required in seconds for the airplane to rotate about a principal axis 
from rectilinear flight to a given angle (15°) after the pilot moves the respective control surfaces as suddenly as pos¬ 
sible through a given angle (8°) from their equilibrium position with the other set of controls held stationary. For 
motion about the Y axis it is necessary to include a factor denoting the minimum radius of turn or the square of the 

y 
minimum flying speed divided by g. The coefficients will be denoted by t^, tp, t^ and  —-■ 

The angles given above for the rotation and the movement of the controls are the most 

satisfactory ones for the JNJpi, but it may be necessary however to give them different values 

if the coefficients are to be used universally. This can be determined when tests have been made 

upon other types of airplane. The coefficients 4 and 4 will vary with engine speed as well as 

with air speed due to the action of the slipstream. 

CONCLUSIONS. 
• 

The study of controllability and maneuverablity has been particularly difficult, first because 

the subject is so intangible and second because there is so little previous work to follow. It is 

felt that the present investigation leaves much to be desired in the way of completeness, but it 
at least places the subject on a much more scientific footing than before, and will serve as a basis 

for further investigation. 

In carrying out more research along this line it is recommended that the coefficients be 

determined for a number of machines so that we may have sufficient data to discover what factors 

are effective in producing controllability and maneuverability. It would also be advisable to 

make systematic changes in the control surfaces and study their effect on the coefficients. The 

important subject of the relation of stability to maneuverability has not been touched upon here, 

but will serve as the basis for both theoretical and experimental research in the near future. 

The effect of aspect ratio, number of planes, tail area, fuselage, length, etc., will also be studied 
as far as possible. 

Fig. 22. 
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REPORT No. 154. 

A STUDY OF TAKING OFF AND LANDING AN AIRPLANE. 
By T. Carroll. 

SUMMARY. 

This report covers the results of an investigation carried on at the Langley Memorial Aero¬ 

nautical Laboratory of the National Advisory Committee for Aeronautics for the purpose of 

discussing the various methods of effecting the take-off and the landing of an airplane, and to 

make a direct analysis of the control movements, the accelerations, and air speeds during these 

maneuvers. The recording instruments developed at the laboratory were used in this test and 

the records obtained by them were made the basis for a comparative study of the two extreme 

methods of taking off (the tail-high and the tail-low methods) and of various types of landings. 

It is believed that this is the first time that an accurate record has been obtained of the move¬ 

ments of the controls during these important maneuvers, and the records are of further interest 

from the fact that they were taken synchronously with records of the air speed and acceleration. 

The records themselves should be of considerable value to a student pilot in enabling him 

to visualize the movements of the controls and the consequent effect upon the air speed and 

acceleration. This opens a very important field for research in the study of the technique of 

piloting, either of student pilots or for the “refresher’’ courses or other checking up of pilots in 

general. With these instruments it will be possible to obtain records of the maneuvering of 

any pilot in practically any type of airplane, and from the records so obtained any fault oi 

roughness can be immediately noted. This can be done not only in the maneuvers of taking off 

or landing but in any sort of straight flight or “stunting.” 

INTRODUCTION. 

The whole of the art of flying may be divided into three very distinct phases, each entirely 

different from either of the remaining two—namely, taking off, flight proper, and landing. Of 

the second phase, comprising, as it does, flying itself, this article is not concerned; it is the first 

and third that are to be considered. 

Taking off and landing, the beginning and the end of a flight, while truly not flight at all, 

are the pivotal parts in the education of a student pilot and are the determining factors in the 

proficiency, even perhaps in the longevity, of the lached pilot. Of the two, landing is perhaps 

the more important, for it is to this phase of flying that the major amount of accident and dam¬ 

age have accrued. Hence, even to the pilot of very long standing the study of the intricacies 

of taking off and landing and the methods of perfection therein is not inept. 

But very little attention has been accorded these very important maneuvers by technical 

writers, and with a single exception no information of a thorough and serious nature is avail¬ 

able. This exception is the paper of Squadron Leader R. M. Hill, M. C., A. F. C., “ The Maneu¬ 

vers of Getting Off and Landing.” This paper, originally read before the Royal Aeronautical 

Society of Great Britain by the author, has appeared serially in the American technical press 

(Aerial Age). Major Hill has treated the subject with exceptional thoroughness and detail, and 

his discussion is particularly of interest, as he is one of the finest service pilots in England and 

has a brilliant war record. The present work was undertaken at N. A. C. A. laboratory as 

an extension of Major Hill’s text, and particularly to place the data obtained by recording 

instruments beside it. 

Taking off, while not generally thought of as requiring the amount of skill of a landing, is 

in many respects not unlike that maneuver. Both are translational periods passing through 
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the stalled flight condition. Thus the hazard in either of the maneuvers is almost invariably 

due to improper tempo in the placing of the stalled period. A stall, it will be understood, is 

that period in the flight of an airplane when through any of several causes the air speed of 

the airplane in the direction of the longitudinal axis is below the speed which will enable the 

wings to bear it in level flight. However, from a purely technical viewpoint, the absolute 

stalling point would be more correctly considered to be slightly beyond this—that is, at the 

point where the airplane passes from the control of the pilot due to this loss of speed. 

As it will also be recognized, there are two agencies which will tend to maintain an airplane 

in stable flight—firstly, the power transmitted through its engine and propeller, and, secondly, 

by taking advantage of the forces of gravitation. It will be likewise seen that there are a 

number of causes which can effect a stall: A sudden diminution of engine power when the 

air speed is near the stalling point; a sudden increase in the angle of attac'k under like con¬ 

ditions; or any turning of the flight path (excepting, of course, in the direction of the forces of 

gravitation) when at a large angle of attack. In short, any change of the flight path which 

overtaxes the agencies providing the support and control of the airplane will cause them to 

cease to function as such. Hence, it is of paramount importance to remember that in the 

maneuver of taking off or of landing all of the eventualities of stalled flight must be at least 

contemplated, whether actually encountered or not. That different types of airplanes behave 

differently under stalled conditions while true will not be considered here; but that nearly all 

airplanes when stalled will lose their stable flying qualities and their controllability is axiomatic. 

INSTRUMENTS AND INSTALLATION. 

At the Langley Field laboratory of the National Advisory Committee for Aeronautics 

records have been taken with the recording instruments developed there which bring out very 

distinctly the rapidly changing conditions of speed, load, etc., and the movements of control 

surfaces which produce these phenomena. 

These instruments were the recording air speed 

meter,1 the accelerometer,2 and the control 

position recorder.3 

The illustration of the installation of the 

instruments in the airplane used, a Curtiss 

JN4h, Wright Model E 180 H.P. motor, is 

neither exact nor complete, as one instrument 

shown in the illustration was not used, while 

one other instrument, very similar in its exter¬ 

nal characteristics, was used, but was so 

placed on the floor of the forward cockpit as 

to be difficult to photograph. It serves, how¬ 

ever, to illustrate the appearance of the instru¬ 

ments used and the installation thereof. 

The illustration of the actual records ob¬ 

tained show the film as taken from the instru¬ 

ment from which the replotting is made. The 

retracings of these records, herein reproduced, are corrected from the calibration of the instru¬ 

ments and the precision is ±2 m. p. h. in the air speed, ±0.2 g. in the acceleration, and ± 1° 

in the control angles. All the records were carefully synchronized by an electric chronometer, 

which marked all the records simultaneously every 3 seconds. 

TAKE-OFF. 

There are two methods in which a take-off may be consummated—namely, by the so-called 

tail-high method and the tail-low method. A tendency toward one or the other of these 

extremes is often advocated, and it is of course true that for differently proportioned airplanes 

quite different procedure in the manner of taking off is necessary. To those pilots who have 

Contact making 
c hron om eter 

Contra/ movement 
j recorder 

Angular velocity 
recorder (nofused) 

'\Record/ng 
air - speed meter 

Instrument installation. 

1 N. A. C. A. Technical Note No. 64. 2 N. A. C. A. Report Nos. 99 and 100. 3 N. A. C. A. Technical Note No. 97. 
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given the matter more than casual attention it will be patent that the ideal for varying condi¬ 

tions is a varying ideal, and is somewhere between the two extreme methods. 
Conditions as to terrain, wind, etc., being normally good—that is, from an airdrome, as 

distinguished from an emergency take-off from a small, poorly surfaced field—a consideration 

of the tail-high method can be taken to begin with 

the airplane headed upwind, with good surface and 

sufficient unobstructed runway and climbing spa e 

directly ahead, and the motor running well. 

Thus with the flight ready to begin the engine 

is opened slowly to its best revolutions per minute, 

and as the airplane begins to move along the ground 

Take -off Landing 

The airplane rolls 
with the top longe- 

Sinn Aileron 

ftuddefL 

Elevator 
d- 

Landing Take-off i 

the tail is raised by pushing the stick forward, lowering the elevators, 
along the ground in an attitude approximating the flying position—i. e., 

ron nearly parallel to the ground. Then gradually as the speed increases it may be found 
that the tail tends to rise too high, in which case a lessening 

of the pressure forward on the stick, permitting that control 

to approach the neutral position, will alleviate the condition. 
At the same time yawing, due to directional instability and 

torque, is often encountered, necessitating considerable rudder 
action to maintain the desired direction. Neglecting for the 

moment any unusual movements brought about by outside 
influences, as gusty wind or rough ground, the wings, as the speed increases, are gradually pick¬ 
ing up a load, culminating at the point in the speed range where the wings are exactly able to 

bear the total weight of the airplane and its load at that angle of attack. At this point the 
wheels are still touching the ground but supporting no weight, as it is 

now borne by the wings. However, at this point the airplane does not 

leave the ground of itself, but at the next moment, as the speed con¬ 

tinues to increase, the lift developed by the wings exceeds the total 

weight and the airplane, unassisted by the pilot, lifts itself into the air. 

It will then continue to collect speed, and as the best climbing speed is 

attained the pilot may then essay whatever maneuvers he may desire with the assurance that 
his airplane is well within the limit of safety in regard to stalling. 

In the other manner of taking off, with the tail 

well down, the airplane is started rolling along the 
ground as before, but as soon as the tail starts to 
rise it is arrested, and, on the theory that the ma¬ 

chine rests upon the ground at the angle which 

gives to its wings the highest lift, the tail is held 
only a very small space from the ground, and by 

means of the elevator the airplane is literally lifted 
from the ground at the earliest moment. 

In figure 1 a composite record of the readings 
from the instruments mentioned above is given, 

representing the control positions, the air speed, 
and the vertical acceleration (or loading) on an 

airplane during a tail-high take off. It will be 

observed that the beginning of the record shows the 
speed as 22 m. p. h., which, as the velocity of the 

wind at that moment was in the vicinity of 16 m. 
Fig. L—Tail-high “take-off.’' i , £ , .A . 

p. h., represents a ground speed of about 6 m. p. h., 
the recording instruments being switched on soon after the machine started to move over the 
ground. It is also observed that the elevator was depressed to 14°, very near its maximum, 

that it was let up only a few degrees until the point at which the airplane left the ground, 

and that at no time during the record the elevator was in or above the neutral position. The 

§ 
/o 

f5 

0 
b “K 
CD N 
QD 
kj -5 

u 

^80 

n 

i 
A 

/ k 

— 

V vW 3A —, 

1 
A Here >/rr 

__ 
/“■ ’ 

/ 
p evo 

A ' \ _ 

* 

/ ir-s pee 

JLiA afor nr ✓—V rv 

p\ v\M 1*1/1 w Ac ce/e ra f/\ in 

-Left, around 
J_1_ ,1 

4 6 8 10 12 
Time in seconds 

14 /6 

J- C 
P 

C 1 
b- 

"K 
V 
Qj ' 

2.o 

JDS 
/ o P • o o. 
^ o 
0+- 

A 
As 



558 REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS. 

air-speed curve is very regular up to 60 m. p. h., the airplane leaving the ground at 55 m. p. h. 

in 6^ seconds after the beginning of the record. 
In figure 2 with the same machine and equipment and under the same conditions a tail-low 

take-off was made. The airplane left the ground in 6 seconds at 40 m. p. h. It will be noted 

that the elevator was in relatively the same postition at the start but that the stick was pulled 

back very early and that at the point that the take-off was effected the elevators were above 

neutral and continued so till the plane was well clear of the ground. 

By a comparison of the two figures several marked differences are fdund. In the air-speed 

curve the tail-high record is very smooth and quickly reaches a safe speed (60 m. p. h.) in 10 sec¬ 

onds. In the tail-low record the speed curve is flatter and very irregular, each depression in 

the curve representing a tendency to lose speed—hence, stall—and that the speed of 60 m. p. h. 

was not attained until 17 seconds. In the rudder and aileron controls the action during the 

tail-high take-off was much smoother while moving along the ground, and much smoother in 

the air, indicating that in the tail-low take-off it was necessary to fight for good control against 

the tendency to stall mentioned in connection 

with the air-speed curve. The vertical accelera¬ 

tion is smoother and of considerably less mag¬ 

nitude in the tail-high record, and when it is 

considered that this represents, up to the take-off 

point, the shock which must be absorbed by the 

landing chassis and shock absorbers, it is of im¬ 

portance to keep the acceleration low and smooth. 

The conclusion therefore must be reached 

that the tail-high take-off is the better wherever 

it is possible to use it. However, there are, of 

course, conditions, as of very bumpy ground, 

when it may be more advantageous to use the 

other method and permit the airplane to be 

bumped into the air and to stagger off in that 

manner, hoping to get the nose down and pick 

up speed just above the ground in the manner of 

a tail-high take-off. At any rate, it is believed 

that the manner of take-off should approach the high-tail manner as closely as practicable under 

all conditions, even in the forced maneuver of taking off from small fields and over obstructions, 

with the alternative of zooming the obstructions rather than crossing them in more nearly 

regular flight but in the vicinity of questionable control. 
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LANDING. 

In landing the same conditions are to be encountered as in taking off, but in the reverse 

order. As in the take-off, we have again the question of passing gracefully through the point 

of stalling. As a matter of fact, a landing is essentially a stall executed as close to the ground 

as possible. Unfortunately, for this discussion, the purely mechanical movements of the 

control system as recorded by the instruments above mentioned and the consequent variations 

in speed and loading also recorded are of minor import compared to the judgment and coordina¬ 

tion of the pilot in regard to the manner of approach, selection of landing ground with regard to 

the direction of the wind, and the terrain. 

While in practice there is but one accepted manner of landing an airplane—i. e., on three 

points (the wheel landing being no longer considered good practice)—there is at least a theo¬ 

retical possibility of making a three-point landing in two ways: First, from a fast glide, by leveling' 

off as close to the ground as is possible and permitting the airplane to lose its speed gradually 

while held in relatively horizontal flight. In so doing it will be found that a gradual easing back 

of the stick has unconsciously occurred, so that at the moment the flight speed has diminished 

to the stalling point the stick is pulled back to its farthest point and hence the tail is well down. 
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And in the second manner, to glide in at a speed as close as possible to the stalling point and when 

at the desired height from the ground quickly to pull back the stick, so pulling the tail down very 

quickly and thus attaining the desired stall with a certain suddenness. 

Disregarding entirely the matter of approach, either of the two means of effecting a landing 

would be well enough, providing that such proficiency in executing the second method is ac¬ 

quired, that the average quality of the landings so made would be reasonably high. But it is 
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quite evident that the nicety of judgment required for the habitual use of such a method would 

only be reached after a very considerable amount of practice, and in taking this practice serious 

difficulties may be encountered, particularly in passing through the eddies and unevenness of 

the air around hangars and other obstructions at the edge of the airdrome. In general, there¬ 

fore, it would seem to be better to use the first method entirely for landing in an airdrome, 

leaving the other method for use solely in 

the exigency of a forced landing on poorer 

ground. 

The figures 3, 4, and 5 are reproduc¬ 

tions of curves taken from records from the 

same instruments and in the same man¬ 

ner as those regarding take-offs, and rep¬ 

resent three landings, each a fairly good 

three-point landing on relatively good 

ground. It is particularly interesting to 

note the smooth deceleration in the air¬ 

speed curve and the fact that in each 

case the first contact with the ground 

was made at exactly 44 m. p. h. This 

represents quite conclusively that this is 

the normal stalling speed, hence landing 

speed, of the airplane, the landings being 

made at minimum throttle and entirely 
by the first method above outlined. Examination of the curve of the elevator control angle 

clearly indicates that the stick was very gradually pulled back beginning in an ordinarily fast 

glide, and just before leveling out, at a speed of about 80 m. p. h. in each case. Furthermore, 
it will be noted that this gradual pulling back brought the stick well back at the instant the 

airplane came in contact with the ground. Irregularity in these elevator curves can be attrib¬ 

uted to two causes. The smaller irregularities of figures 3 and 4 are more probably due to 
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backlash in the control cables, while the larger ones in figure 5 are due to overcontrol. This is 

borne out by an examination of the acceleration curve during the interval just before the 

landing point, the larger fluctuation in figure 5 in combination with the very irregular elevator 

curve showing that it was necessary to redress on five distinct occasions. 

It is interesting to note in this respect the influence of pure good fortune in making a 

landing, for while the curves in figures 3 and 4 represent much cleaner piloting technique than 

in figure 5, nevertheless the acceleration curve after the landing point shows that the machine 

made a much smoother contact with the ground in 5 than in either 3 or 4. 

The rather violent movements in the rudder control as noted in the rudder curves of the 

landing records represent the efforts by the pilot to frustrate any tendency to ground spin due 

to directional instability. Also in record 3 the dropping 

of the elevator curve back to neutral as the machine moved 

along the ground is the lessening of the stick pull to relieve 

the pressure on the tail skid. 

Figure 6 is an interesting record of the air speed and 

acceleration in a very bad landing. This was a purposely 

made “ pancake” landing from about 6 feet—that is, to 

observers stationed on the airdrome it was estimated that 

the airplane was about that distance from the ground when 

“the bottom fell out.” It will be noted also that the air 

speed at the instant the wheels struck the ground was only 

38 m. p. h., or 6 miles slower than any other landing shown. 

The student pilot is usually rather awestricken when an 

instructor mentions that the leveling out must be done 

within a foot or two of the ground. Perhaps this example 

of the consequences of leveling off at the not particularly 

exorbitant altitude of 6 feet vhll serve to clarify the neces¬ 

sity for the instructor’s remark. Assuming that the air¬ 

plane, loaded, weighs in the neighborhood of 1 ton, it is 

evident, as the acceleration curve exceeds 4.5 g., that the landing gear had to take an overload 

of approximately 3^ tons. So it is small wonder that shock-absorber elastics break, as they 

did in this case. 
CONCLUSIONS. 

The results obtained in this investigation are of value in analyzing the behavior of the 

airplane in landing and taking off, as well as recording the pilot’s style of handling the airplane. 

It is recommended that more work of this kind be carried out by various pilots and on several 

types of airplane in order to obtain information as to the properties of a machine which make 

it easy to land, and the style used by the pilots who make the best landings. It would be 

desirable in further work to add to the three sets of records obtained here records of the inclina¬ 

tion of the machine with a kymograph and the height above the ground by means of a trailing 

Fig. 6.—Six foot pan-cake landing. Brake shock 
absorber. 
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REPORT No. 155. 

A STUDY OF AIRPLANE MANEUVERS WITH SPECIAL REFERENCE TO 
ANGULAR VELOCITIES. 

By H. J. E. Reid. 

SUMMARY. 

This investigation was undertaken by the National Advisory Committee for Aeronautics for 

the purpose of increasing our knowledge on the behavior of the airplane during various maneu¬ 

vers and to obtain values of the maximum angular velocities and accelerations in flight. The 

method consisted in flying a JN4h airplane through various maneuvers while records were being 

taken of the control position, the air speed, the angular velocity and the acceleration along the 

Z axis. Ihe results showed that the maximum angular velocity about the X axis occurred in a 

spin and amounted to 2.43 radians per second, while about the Y axis the maximum was 0.96 

radians per second in a barrel roll. The maximum angular acceleration about the X axis of 

-2.10 radians per (second)2 occurred in a spin, while the maximum about the Y axis was 1.40 

radians per (second)2 when pulling suddenly out of a dive. These results have direct applica¬ 

tion to the design of airplane parts, such as propeller shaft and instruments. 

INTRODUCTION. 

Up to the present time there seems to have been no systematic attempt made to study 

the movements of an airplane while it is maneuvering or to record directly the angular velocity. 

The work which has been done to obtain data of this kind has been either entirely based upon 

theoretical deduction or made use of the observed length of tune required by an airplane to 

perform a given evolution. References to the principal literature on the subject are given below: 

1. Controllability and Maneuverability of Airplanes. N. A. C. A. Report No. 153. 

2. The Pressure Distribution over the Horizontal Tail Surface of an Airplane. N. A. C. A. Report No. 148. 

3. The Angles of Attack and Air Speeds during Maneuvers. N. A. C. A. Report No. 105. 

4. The Maximum Angular Velocity of an Airplane. R. & M. No. 670. 

5. The Investigation of the Spin of the Airplane. R. & M. No. 618. 

6. The Experimental and Mathematical Investigation of Spinning. R. & M. No. 411. 

7. Lateral Control with Different Types of Wing Flaps. R. & M. No. 413. 

8. Forces in Diving and Looping. McCook Field Bulletin, June, 1918. 

9. On the Possible Loading on the Wings and Body of an Airplane in Flight. R. & M. No. 496. 

For the puipose of obtaining actual data on angular velocities from an airplane in flight 

an instrument was designed and constructed to record directly the angular velocity about a single 

axis. This instrument in connection with several other recording instruments was installed in 

a JN4h airplane and records were taken during a loop, spin, roll and when pulling sharply out of 

a dive. Complete records from these instruments are shown in this report and should furnish 
valuable information both to the pilot and to the designer. 

METHODS AND APPARATUS. 

The instruments used in this investigation were the N. A. C. A. air speed meter,1 the control 

position recorder,2 and an accelerometer 3 together with the angular velocity recorder developed 

especially for this investigation. The installation of these instruments is shown in Figure 1. The 

1 N. A. C. A. Technical Note No. 64. 
5 N. A. C. A. Technical Note No. 97. 
8N. A. C. A. Reports Nos. 99 and 100. 
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accelerometer is not in view as it was necessary to place this instrument as near to the center of 

gravity of the machine as possible. All of these instruments have been more or less fully des¬ 

cribed before except the angular velocity recorder. 

A photograph of this latter instrument is shown in Figures 2, 3 and 4 with the cover re¬ 

moved. As with the other N. A. C. A. recording instruments a record is made on a standardized 

Fig. 1.—Installation of instruments in the cockpit. Fig. 2.—Angular velocity recorder. 

film drum which is rotated at a speed of about 1 turn per minute by a constant speed motor (A) 

driving through a pair of worm and gears beneath the base. The angular velocity about anaxis 

in a horizontal plane and at right angles to the pivot axis is measured by measuring the preces- 

sional force exerted by the gyroscope (B) mounted in pivots (C) and restrained in a neutral 

position by the springs (D). The gyroscope itself consists of a direct current motor mounted 

inside of an aluminum case which is kept at constant speed of 10,000 r. p. m. by means of the 

Fig. 3.—Angular velocity recorder. 

Rotational axis 

Fig. 4.—Diagrammatic sketch of angular velocity recorder. 

governor (E). The motion of the gyroscope case about its pivots, due to the precessional 

moment of the gyroscope, is transmitted by means, of the arm (F) and stylus to a small mirror 

(G) not in \ iew. In the same way as with the other N. A. C. A. recording instruments a beam 

of light from the light holder (H) is reflected from this mirror through a lens (I) (not in view) 

onto the film. In order to prevent the gyroscope from vibrating the dashpot (J) is attached to 
the end of the arm (K). 

I he gyroscope case is carefully balanced about its pivots so that linear accelerations from 

any direction will be ineffective in producing rotation. It can be seen that an angular accelera- 
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tion about the axis of the pivot will produce a deflection in the springs and thus introduce an 

error into the reading of the instrument. By keeping the speed of the gyroscope high, however, 

the springs may be made very stiff so that the error from this cause is only a few per cent in the 

worst cases. 

When records are being taken on a number of recording instruments it is quite necessary 

that a strict synchronization be obtained between them. This has been accomplished in the 

present test by setting in the case of each instrument small lamps (shown at L) which are con¬ 

nected by a common circuit to an electric chronometer which closes the circuit at 3 seconds 

intervals, thus making a sharp black line across each record simultaneously. A set of records 

taken from the recording instruments used in this test are shown in Figure 5 and the synchroniz¬ 

ing lines are quite evident. 

Linear acceleration. Air speed. Angular velocity. Control position. 

Fig. 5.—A set of records obtained with N. A. C. A. instruments. (Tail spin.) 

In making these records the observer merely placed the recording drum on the instrument, 

all the electrical circuits being closed and opened by a common switch which was convenient for 

the pilot. Just before each maneuver began the pilot would close this switch, fly through it, and, 

at the end, open the switch, all of the instruments automatically recording during this time. 

The deflections on the records were multiplied by the proper calibration factor and replotted in 

the figures of this report. The angular acceleration was directly obtained from the angular 

velocity by differentiating it graphically, while the angular displacement of the machine was 
obtained by means of the integraph. 

PRECISION. 

The control position recorder was calibrated for every record by holding the controls in neu¬ 

tral and turning on the light for an instant. Care was taken to see that there was little backlash 

in any of the connecting wires. The precision of the control angles should in all cases be good to 

±1°. The air speed instruments were calibrated over a speed course within the range of level 

flying speeds and should therefore be correct to ±2 miles per hour excepting at the very high or 

very low speeds which may be off considerably more than this. The accelerometer is easily 

calibrated and should give results good to ± .05 g. The angular velocity recorder was frequently 

calibrated by placing it on a revolving table, so the results from this instrument can be relied 
upon to ±.01 radians per second. 

RESULTS. 

LOOPS. 

In performing a loop the elevator is pulled steadily back until the machine has reached a 

little more than a vertical position, and then it is held clear back until the machine has passed 

slightly over the top of the loop. From this point it is gradually eased forward until the maneu¬ 

ver is completed. The rudder and ailerons are used slightly at the top of the loop. (See Fig. 6.) 

The air speed which is approximately 90 miles an hour at the beginning of the loop lags 

behind the movement of the elevator by nearly 2 seconds; gradually decreases to a minimum of 

about 25 miles per hour at the top of the loop, then increases rapidly again to 90 miles an hour at 
the end. 

The sum of linear acceleration and gravity, which is, of course, 1 g.up to the time the elevator 

is moved, increases steadily to slightly over 3 g. when the machine has nosed up approximately 

50 . After this the loading falls quite rapidly to a minimum of 0 g. when the machine has rotated 
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through 180°. After this, however, it increases to a maximum of 2.5 g. when the machine has 

completed an angle of about 320°; then it falls off to normal values at the end of the maneuver. 

The angular velocity begins to increase quite rapidly as soon as the elevator is moved, reaching 

a nearly steady value when the machine has rotated through approximately 45°. This steady 

value with slight fluctuations continues until the machine has reached about 270° and then it 

falls rather rapidly to 0 at the end of the maneuver. The angular acceleration is quite irregular 

due to small bumps in the curve, but is constant at about 0.20 radians per (second)2 during 

the first 45° of a loop, then is approximately 0 until 270°, where it then has a nearly constant 

negative value of 0.20 radians per (second)2 for the remainder of the loop. The curve of angular 

displacement starts in rather slowly, then remains a straight line until nearly the end of the 

maneuver, where its slope decreases gradually to 0. 

Fig. 6.—Loop. Angular velocity about Y axis. 

FLATTENING OUT OF A DRIVE. 

In this maneuver the machine was held steadily at 80 miles an hour with the throttle 

fairly well closed; then the elevator was pulled back as sharply as possible and the machine 

allowed to start into a loop, but when nearly 90° of rotation had been reached the machine was 

rolled out. (See Fig. 7.) The elevator curve shows that this member was pulled back to the 

full extent in approximately .02 of a second and was held way back until the machine had 

rotated through more than 90°. The aileron and rudder curves show no changes until the 

machine is rolled out at the end of the maneuver. The air speed lags behind the movement 

of the elevator by considerably over 1 second, decreasing from 80 miles an hour to 40 miles an 

hour when the machine has rotated through 90° and then increases again as the machine is 

rolled out. Immediately after the elevator is pulled back the linear acceleration increases 

i apidly to about 2.9 g., decreasing again to a minimum of about .03 g. at a little over 90° rotation 

of the machine. The angular velocity increases very rapidly as soon as the elevator starts 

to move, reaching a maximum of .84 radians per second when the machine has rotated through 

only 30 . After this it falls very rapidly to a minimum of nearly 0 and then rises again to a 
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secondmaximum. The angular acceleration reaches the high value of 1.40 radians per (second)2 

when the machine is rotated through only 10°, after which it falls suddenly to nearly zero value 

or the rest of the maneuver. 
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Fig. 7.—Sudden flattening out of a dive. Angular velocity about Y axis. 

TAIL SPIN. 

In this maneuver the elevator was pulled hard back and held in this position for the whole 

of the spin. The rudder was kicked hard over to the right at the beginning and held there, 

\\ hile the ailerons were held a few degrees to the right. (See Figs. 8 and 9.) The air speed, which 

was 60 miles an hour at the beginning of the record, fell to about 40 just before the spin began, 

then increased to about 80 miles an hour, which was maintained until the end of the spin, where 

it lose to over 90 miles an hour in the resultant dive. The linear acceleration increased as soon 

as the spin began from 1 to about 3 g. and kept at this value for the full spin. The angular 

velocity about the Y axis increased at the beginning of the spin to a maximum of .80 radians per 

second and then decreased during the spin to the small value of .20 radians per second, but 

increased again at the end of the spin due to pulling out of the resultant dive. The angular 

velocity about the X axis, however, was quite different. This value began to increase as soon as 

the controls were moved and rose with increasing rapidity to a maximum of 2.43, when the 

machine had made approximately 1 complete turn, after which it maintained a value which was 

nearly constant, but which showed a regular variation corresponding to the oscillation in the 

acceleration curve, until the spin was stopped with the controls, where it fell suddenly to a zero 

value after the machine had made approximately 4}/> complete turns. The angular acceleration 

about the Y axis shows no considerable magnitude during the spin itself, but when stopping the 

spin a maximum of 1.1 radians per (second)2 is reached. The angular acceleration about the 

X axis has, of course, a high positive value at the beginning of the spin, which amounts to 1.2 

radians per (second)-, and at the end of the spin it has a negative value of 2.1. It is necessary to 

make two complete runs for the spin in order to obtain the angular velocity about the X and Y 

axes.. It will be observed from the curves how nearly alike the two maneuvers were carried out 

both m regard to the movement of the controls and to the performance of the machine itself. 
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Fig. 9.—Tail spin to the right. Angular velocity about X axis. 
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Fig. 10.—Barrel roll to right. Angular velocity about X axis. 
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BARREL ROLL. 

In this maneuver the elevator is moved back to about 10° and held there for about 2 

seconds. In the meantime the rudder is kicked hard over and is held there for nearly the full 
maneuver. The elevator, after the rudder has been kicked over is then pulled clear back to 

over 20° and held there for some time. (See Figs. 10 and 11.) It is also interesting to notice 
that the ailerons are scarcely used at all. It should be remembered in connection with this 
maneuver that this type of machine is difficult to roll smoothly and that therefore the results 

obtained here would not be applicable to a single seater machine which rolls with much greater 

smoothness. The air speed, which had a value of somewhat over 90 miles an hour at the begin¬ 

ning of the roll, fell rapidly to a minimum of 35 miles an hour after about 6 seconds, then rose 
a<ratn to about* 85 miles an hour at the end. The linear acceleration rose very rapidly to a 
maximum of 3.7 g. after the elevator had been pulled back. It then fell to a minimum value 

when the machine had nearly turned over on its back, then increasing again to a second maxi¬ 
mum value at about 220° of rotation. The angular velocity about the X axis increases quite 

rapidly after the controls are moved, then is nearly constant for about 1 second, then starts 
rapidly upward again corresponding to the point where the elevator is moved from 10° to 20°. 

The maximum value, which comes after the machine has rotated through about 100°, is 0.84 

radians per second. After this point the curve decreases with one slight interruption to a 

zero value at the.end of the record. The angular velocity about the Y axis increases very 

rapidly as soon as the controls are moved, with the same interruption at 1 second as was shown 
about the other axis, until a maximum value of .880 radians per second is reached at a time 

when the machine has rotated only 45° about the X axis. After this the angular velocity 

decreases rather rapidly to a zero value. The angular acceleration about the X axis reaches 

a very sharp maximum of 1.55 radians per (second)2 when the machine has rotated about 45°. 

At the end of the record there are several negative peaks of about half this magnitude. The 
angular acceleration about the Y axis shows only small values, the highest being 0.80 radians 

per (second)2 at the beginning of the record. 

CONCLUSIONS. 

The results from these tests are summarized in the following table: 

TABLE I. 

Maneuver. 

Max. 
acceler¬ 
ation 

along Z 
axis. 

Time to 
reach 
this 

value, 
in sec¬ 
onds. 

Max. angular 
velocity, in 

rad./sec., about 

Time to reach 
this value, in 

seconds. 

Max. angular 
acceleration, in 
rad./sec. ,2aboul 

Time to reach 
this value, in 

seconds. 

X axis. Y axis. X axis. Y axis. X axis. Y axis. X axis. Y axis. 

3.1 g. 2.9 0 0.85 7.1 0 -0.27 9.2 
Pulling suddenly out of an 80 m. p. h. dive... 2.9“ 1.4 0 .88 1.0 0 1.40 .6 

Tail spin. 3.0 13.5 2.43 .79 10.0 7.4 /—2.10 
\ 1.20 j .60 6.5 5.7 

Barrel roll.. 3.7 2.2 .84 .96 5.0 4.5 1.56 .83 3.6 1.3 

All times are measured from the instant the controls are first moved. 
It will be noticed that the greatest angular velocity is 2.43 radians per second and occurs 

about the X axis in the tail spin. The greatest angular acceleration, 2.10 radians per (second),2 

occurs under the same conditions, as might be expected. 
In a continuation of this work it would be of value to repeat the present tests upon various 

types of airplanes. It would also be of value to have instruments which would record the 

linear acceleration as well as the angular velocity simultaneously along three axes. Instru¬ 

ments to do this are now being constructed by the National Advisory Committee and will be 

ready to be put into the air in a few months. These two instruments in conjunction with the 

recording air speed meter and the recording control position instrument should give us a very 

complete analysis of the performance of the machine. 
It may be concluded from these tests that no conventional airplane of the JN4h type can 

have a greater angular velocity about the X axis than 3 radians per second or about the Y axis 

greater than 1 radian per second; and the angular acceleration about the X axis will not exceed 

2.5 radians per (second)2 or about the Y axis of 2 radians per (second).2 



REPORT No. 156 

THE ALTITUDE EFFECT ON AIR SPEED INDICATORS—II 
IN TWO PARTS 

CONTINUATION OF REPORT No. 110 

By H. N. EATON and W. A. MacNAIR 

Bureau of Standards 

571 





NOTATION. 

p=pressure delivered by Pitot nozzle. 

^^differential pressure delivered by Venturi or Pitot-Venturi nozzle. 

s=suction delivered by Venturi tube as distinguished from differential pressure delivered by Pitot- 
Venturi tube. 

A=head of water corresponding to p. 
/*!=head of water corresponding to p,. 

-5T=constant of Pitot tube. 

fV=constant of Venturi tube. 

d=density of water in manometers (d=l throughout this report). 
r>=true air speed. 

%=indicated air speed. 

<=air temperature in degrees centigrade. 

T—air temperature in degrees centigrade absolute. 
£=barometric pressure. 

p=air density. a 

ju=air viscosity. 

^^compressibility modulus of elasticity (adiabatic). 
K=specific heat ratio for air. 

r=relat,ive density=^- 

g=acceleration of gravity. 

e=base of natural logarithms. 

D=sl linear dimension. 

C= a constant. 

F, 4>, d, \p=functional symbols. 

Subscript zero refers to standard conditions. 
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THE ALTITUDE EFFECT ON AIR-SPEED INDICATORS—II. 

CONTINUATION OF REPORT NO. 110. 

By H, N. Eaton and W. A. MacNair. 

SUMMARY. 

This report is the second part of an investigation on the altitude effect on air-speed indi¬ 

cators, conducted by the Aeronautic Instruments Section of the Bureau of Standards under 

research authorization formulated and recommended by the subcommittee on aerodynamics 

and approved by the National Advisory Committee for Aeronautics. 

It has hitherto been assumed that the correction of the readings of differential pressure type 

air-speed indicators to true air speed could be accomplished with sufficient accuracy by the use 

of a multiplying factor depending on the square root of the air density. It has been recognized 

that the compressibility of the air introduced an error into the air-speed reading, but this effect 

has been assumed to be negligible over the range of speeds commonly attained. 

Only quite recently has it been shown that a third physical property of the atmosphere, its 

viscosity, affects appreciably the readings of Venturi and Pitot-Venturi indicators at low speeds 

and at high altitudes. In an investigation described in Report No. 110 of the National Advisory 

Committee for Aeronautics, “The Altitude Effect on Air Speed Indicators,” by M. D. Hersey, 

F. L. Hunt, and H. N. Eaton, it was shown that under certain conditions, particularly for the 

relatively low-speed flight of dirigible airships, the viscosity effect was important; but the data 

obtained were not sufficiently accurate to allow a determination of the general law to be made. 

The present report describes a more recent investigation, in which the data obtained were 

sufficiently accurate and complete to enable the viscosity correction to be deduced quantita¬ 

tively for a number of the air-speed pressure nozzles in common use. 

The report opens with a discussion of the theory of the performance of air-speed nozzles and 

of the calibration of the indicators, from which the theory of the altitude correction is developed. 

Then follows the determination of the performance characteristics of the nozzles and the cali¬ 

bration constants used for the indicators. In the latter half of the report, the viscosity correc¬ 

tion is computed for the Zahm Pitot-Venturi nozzles, Army and Navy types, which are the most 

commonly used air-speed nozzles in the United States. It will be found that the viscosity cor¬ 

rection is far from negligible, since under certain conditions it may amount to 20 per cent or more 

of the indicated air speed. Tables and plots are given to enable the readings of Pitot type and 

Zahm Pitot-Venturi type indicators to be corrected for any atmospheric conditions which may 

be experienced by either heavier-than-air or lighter-than-air craft and for air speeds up to approxi¬ 

mately 200 miles per hour. Evidence is also adduced tending to show that the effect of the 

compressibility of the atmosphere on the performance of Venturi air-speed nozzles is not numeri¬ 

cally greater than the corresponding effect on Pitot tubes, and can be neglected over the range 

of flying speeds commonly attained to-day. 
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THE ALTITUDE EFFECT ON AIR-SPEED INDICATORS-II. 

PART I. 

EXPERIMENTS WITH VENTURI TUBES. 

1. INTRODUCTION. 

The air-speed indicators commonly used in aeronautics may be classified as follows:1 
1. Rotating surface instruments. 

2. Direct impact instruments. 

3. Differential pressure instruments. 

Of these three classes, the third is by far the most generally used. This class of air-speed 
indicators may be subdivided as follows: 

(а) Pitot type. 

(б) Venturi type. 

(c) Pitot-Venturi type. 

This paper is concerned only with the differential pressure type of air-speed indicator, and, 

in particular, with Venturi and Pitot-Venturi instruments, since the method of correcting the 
readings of Pitot indicators is well known. 

A clear understanding of the altitude correction for differential pressure type air-speed 

indicators requires recognition at the outset of the fact that such instruments consist of two 

distinct parts: (1) An air-speed pressure nozzle of one of the types mentioned, in which the 

motion ol the air stream relative to the nozzle produces a differential pressure; and (2) a pressure 

gauge by means of which this differential pressure is measured. The dial of this gauge is grad¬ 
uated in terms of air speed instead of pressure. 

It is clear, therefore, that two relations are involved in the corrections of the air-speed 
readings to true air speed: 

(а) The relation between the actual air speed and the corresponding differential 
pressure produced by the nozzle. 

(б) The relation between the differential pressure produced by the nozzle and the 
reading of the indicator. 

These will be discussed in turn. 

2. THEORY OF THE PERFORMANCE OF AIR-SPEED PRESSURE NOZZLES. 

The differential pressure developed by any air-speed pressure nozzle may conceivably 

depend on the shape of the nozzle, on its absolute size, on its speed relative to the medium in 

which it is placed, and on the density, viscosity, and compressibility of the medium.2 This 
dependence may be expressed by the relation 

p=iunct (D, v, p, n, E) (1) 

where the form of funct (D, v, p, p, E) depends on the shape of the nozzle but is the same for 
geometrically similar nozzles. 

» For a more complete classification see Part I of Report No. 110 of the National Advisory Committee for Aeronautics, “The Altitude Effect 
on Air-Speed Indicators.” 

^ Presupp°sed (a) that the axis of the nozzle is parallel to the direction of motion relative to the medium, (6) that a steady state has been 
stab lib tied, and (c) that the medium is homogeneous and undisturbed. 
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If it were desired to consider the effect on the differential pressure of changing the shape of 

the tube, a sufficient number of dimensions of the tube to specify these changes should be in¬ 

cluded among the independent variables in equation (1). The present investigation was not 

conducted for the purpose of obtaining information of this nature, however. Consequently, 

only one dimension of the tube, necessary to specify the absolute size, has been included in equa¬ 

tion (1), and the following discussion will be understood to apply to nozzles which are geomet¬ 

rically similar. 
Bv means of dimensional reasoning, equation (1) can be rewritten 

or 

funct(p(!’ ^)=° 

p = pv* funct 

(2) 

(2 a) 

The variable is due to the viscosity of the medium which affects the performance of 
M 

E 
certain types of nozzles at low speeds; whereas the variable —2- which is present because of the 

compressibility of the medium, is important only at the higher speeds. 

For Pitot tubes, p is independent of within the accuracy of present methods of meas- 
r 

urement, as might be expected, since no flow through the tube takes place, once a steady state 

has been established. The effect of compressibility can be determined analytically for the 

Pitot tube by making use of comparatively simple and reasonable assumptions.3 The complete 

formula for the pressure delivered by a Pitot tube may be written, therefore, 

p = pv2 funct (3) 

In Part I, section 10, and Part II, section 1, of this report the effect of compressibility is 

discussed further, and it is shown that for the Pitot tube the value of funct (J^ at zero speed 

does not change by more than 1 per cent for speeds up to approximately 150 miles per hour, 

but that, above this speed, the magnitude of this effect increases rapidly as v becomes greater. 

(See fig. 14.) Since the highest accuracy of calibration which is required of the indicator itself 

is of the order of 1 per cent of its maximum range, it is customary to neglect the effect of com¬ 

pressibility for the ordinary range of hying speeds, and equation (3) then becomes: 

p=Kpv2 (3 a) 

for Pitot tubes. The constant K thus introduced into the formula is called the Pitot tube 

constant and has approximately or exactly the value 0.5, depending on the Pitot tube used. 

It is often more convenient, particularly in connection with the calibration of air-speed 

nozzles and indicators to express p in terms of head of water, mercury, or whatever liquid is 

used for the manometers. Equation (3a) may then be written 

h-Hv* (3b) 
. gd 

by means of the relation 

p = gdh (4) 

The form which the general equation (2a) assumes for Venturi tubes has been discussed in 

Report No. 110 of the National Advisory Committee for Aeronautics. rIhis report was based 

3 “The Theory of the Pitot and Venturi Tubes,” by E. Buckingham, Part 2 of Report No. 2 of the National Adi isory C oinmittee for Aero¬ 

nautics, First Annual Report, 1915; and “Development of Air Speed Nozzles,” by A. F. Zahm, Report No. 31, 1 ourth Annual Report, 191S. 
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on an investigation 

at high altitudes. 

of the performance of Venturi air-speed pressure nozzles at low speeds and 

In Report 110 it was shown that for low values of the variable 
Dvp 

the 

differential pressure developed by the Venturi was dependent on this variable to a marked 

degree. It was also shown that the available data covering a speed range of from 30 to 65 

miles per hour exhibited no correlation between the performance of the tube and the compressi¬ 

bility. Further evidence of this lack of correlation is presented in Part I, section 10, of the 

present report. The conclusion which is drawn there, that the effect of the compressibility of 

the atmosphere on the performance of the Venturi tubes studied in this investigation is negli¬ 

gible over the ordinary range of flying speeds, will be utilized here in order to justify the elimina¬ 

tion of the compressibility variable from (2a) for the discussion of this type of tube. The 

general equation (2a) then reduces to 

Pl“P»’F(^r) (5) 

or 

(5a) 

for Venturi and Pitot-Venturi tubes. The reason for writing the particular form (5a) in place 

of (5) will be made clear in the portion of the next section which deals with the calibration of 

indicators for use with Venturi tubes. The Venturi constant Kx is analogous to the Pitot 
constant K. 

Obviously, (5a) can also be written 

(5b) 

The form of the function </> for a given Venturi tube must be determined before the perform¬ 

ance of this tube can be predicted for any given conditions. The data presented in Report 110 

showed that <£ ^ varies considerably for low values of the argument but is a constant at the 

higher values of ~Vp for a majority of the Venturi and Pitot-Venturi tubes tested. Unfortu¬ 

nately, errors due to the imperfections of the small low-pressure wind tunnel used in this earlier 

investigation made it impossible to determine an empirical form for the function </> with any 

degree of accuracy. On this account it was decided to construct a new low-pressure wind 

tunnel with a larger throat and a greater range of air speeds and to mount it in an altitude 

chamber where a greater variation of air pressure would be possible. The results obtained 

from tests in the new wind tunnel are reported in this paper, and the altitude correction is 

deduced for the two types of air-speed nozzle in most common use in this country, the Navy 

type and the Army type Zahm Pitot-Venturi nozzles. 

3. THEORY OF THE CALIBRATION OF AIR-SPEED INDICATORS. 

If it were feasible to construct an indicator which would take account of all the variable 

quantities in equations (3a) and (5a), such an instrument would indicate the true air speed 

directly, and no corrections would need to be applied, aside from those due to imperfections in 

the instrument itself. Difficulties in construction and the limitations imposed by the condi¬ 

tions encountered in flight, however, have made it impracticable to construct air-speed instru¬ 

ments of the differential pressure type which will do more than indicate the true air speed for 

one given set of conditions. For this reason, Pitot-type instruments have been calibrated 

heretofore in accordance with the relation 

or 
P = KPov^ 

KPo 
h = 

i' .2 

ad 1/1 

(6; 
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where K has the value I and where p0 is a convenient density chosen as a standard which repre¬ 

sents average conditions near sea level. 

Similarly the majority of indicators for use with Venturi tubes have been calibrated in 

accordance with the formula 

Vi = KiPoV f' 

or 

7 _ g|Po„, 
gd Vl 

> (6a) 

where is the constant value which F takes for the higher range of air speeds and which 

is ordinarily several times greater than the constant K for the Pitot tube. 

It has not been considered necessary to take account of the change in value of F 

low speeds when Venturi air-speed nozzles have been used on heavier-than-air craft at relatively 

high speeds and low altitudes, since the range of values of for which F is constant 

happens to coincide approximately with the range of flying speeds of such craft for most of the 

Venturi and Pitot-Venturi nozzles in common use. Consequently the assumption that F 

has the constant value Kl has been found sufficiently accurate for ordinary conditions of flight 

as far as heavier-than-air craft were concerned. When, however, Venturi nozzles were applied 

to the measurement of the relatively low air speeds of lighter-than-air craft, the assumption of a 

constant value for F was at wide variance with facts, and the calibration of the indicators 

in accordance with equation (6a) permitted errors as great as 20 or 25 per cent in determining 

the air speed to occur. These errors could have been, and probably were in some instances, 

reduced materially by the calibration of the indicators according to pressures actually delivered 

by the nozzle at different speeds for one particular air density. The fact that F is a 

function not only of speed, but also of air density and air viscosity, shows that this procedure 

did not remove the error, but merely decreased its magnitude. 

4. THEORY OF THE ALTITUDE CORRECTION. 

From the preceding discussion it can be seen that the correction of the readings of Venturi 

or Pitot-Venturi air-speed indicators to true air speed involves the solution of the two simulta¬ 

neous equations 

Pi “ KiPV2<t> (~f) 

and 
Pi = KiPoV2 

(3a) 

(6a) 

for v in terms of the other variables through the elimination of the differential pressure Vr 
Eliminating p{ gives 

Theoretically, the solution of equation (7) for v, once the form of the function 4> has been 

determined, will serve to correct the indicated air speed V\ for the particular conditions existing 

at the time when the reading was taken. Practically, however, this procedure is not conven¬ 

ient in general owing to the fact that v occurs in ) which may prove to have a complicated 

form. A simpler method for computing the correction will now be derived in which the function 

to be determined experimentally contains only quantities which are known or which can be 

computed easily from observations taken during the flight. 
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By reference to equation (7) it can be seen that the following relation exists 

■y = funct (D, Vi, p, p0, p.) 

Equation (8) may be rewritten: 
v=d(pof Dvip\ 

Vi V P M / 

(8) 

(9) 

which can be solved directly for v when the form of the function 9 ^ has been determined. 

Before this solution can be obtained, three things are necessary: (a) the standard air dens¬ 

ity p0 for which the indicator was calibrated must be known, (b) the value of the calibration 

constant Kx must be determined (in order to compute for use in this investigation), and (c) an 

empirical form for 9 must be obtained from experiment. 

The remainder of Part I of this report will be devoted to this purpose. Part II will be 

reserved for a more complete discussion of the density, compressibility, and viscosity correc¬ 

tions and for the application of the method just outlined to the data obtained from two types 
of air-speed nozzles. 

5. NOZZLES TESTED IN THIS INVESTIGATION. 

The differential pressure air-speed nozzles in most common use are as follows: 
United States: 

Pitot-Venturi— 

Zahm, Navy type. 
Modified Zahm, Army type (Oliver). 

Toussaint-Lepere (for performance testi 
Great Britain: 

Pitot (static openings)— 
British standard. 

Ogilvie. 
France: 

Pitot-Venturi— 

Toussaint-Lepere. 
Venturi (single and double)— 

Badin (single throat, static openings). 

Badin (double throat without static openi i 
Italy: 

Venturi— 

Badin (double throat). 
Germany: 

* Pitot— 

Atmos (static openings). 
Venturi (double throat)— 

Bruhn (without static openings). 

The following tubes were tested in the course of this investigation: 

Make. Serial 
No. 

Identifi¬ 
cation 

No. 

Zahm Pitot-Venturi (Navy type)1. 330 
338 
361 
327 
328 
325 
363 

1687 
B836 

30 
B2500 

8 
X4 
X9 

Do.1. 
Zahm Pitot-Venturi (Army type) i> 2,3... 

Toussaint-Lepere Pitot-Venturi1. 
Do.1. 
Do.a. 

Badin Venturi, single i, 2... . 322 
320 
326 
333 
370 

Badin Venturi, double 1.... 
Bruhn Venturi, double 1. 

Do.1. . 
D0.2. 

3934 
1345 
4898 

1 Low-pressure tests. 2 Ordinary wind-tunnel tests. 3 High-speed tests, 
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It is evident from the preceding that samples of all types of Venturi and Pitot-Venturi 

tubes in common use for the purpose of air-speed measurement in aeronautics were tested. 

The majority of these tubes were tested in the low-pressure wind tunnel. A number were 

tested in ordinary wind tunnels, and several were tested in the high-speed wind tunnel at 

McCook Field in order to obtain checks on the work in the low-pressure wind tunnel, to deter¬ 

mine the constants of the tubes, and to ascertain to what upper limit the tubes perform in 

accordance with the simple pv2 law. 

6. STANDARD AIR DENSITY. 

The standard air density p0 used in calibrating air-speed indicators in the United States 

is 0.001221 gram per cubic centimeter, corresponding to a barometric pressure of 760 milli¬ 

meters of mercury and to an air temperature of + 16° centigrade. Whenever either of the 

expressions “standard conditions” or “standard air density” is used in this report, it will be 

understood that these values are referred to unless a different meaning is clearly indicated. 

Two other standard air densities are necessarily introduced into the discussion. The first 

of these is the Bureau of Standards wind-tunnel standard, which is involved in the constant 

of the Pitot tube used to calibrate the static plates of the low-pressure wind tunnel for this 

investigation. This air density is 0.001223 gram per cubic centimeter and corresponds to a 

barometric pressure of 760 millimeters of mercury and to an air temperature of +15.6° centi¬ 

grade. The second of these is the French aircraft performance standard density of 0.001225 

gram per cubic centimeter, corresponding to a barometric pressure of 760 millimeters of mercury 
and to an air temperature of +15° centigrade. 

W here either of these two latter air densities is used in this report its identity is specifically 
indicated. 

7. DETERMINATION OF CONSTANTS OF NOZZLES. 

The theoretical performance constant K\ used in calibrating the indicators was available 

for only three types of nozzles tested in this investigation—the Navy and Army types of Zahm 

noszle and the Bruhn nozzle. Various sources of information were utilized in the attempt to 

determine iepiesentative values of this constant for each of the three types of French nozzle 

tested. These sources include data from the French laboratories in which the nozzles were 

calibrated and data from wind tunnel tests conducted at the Bureau of Standards and at McCook 

Field. These data are presented in detail in the following discussion of the determination of 
the constant A, for each type of tube. 

Zahm, nozzle (Navy type). In the development of the original Zahm nozzle (see fig. la) 

the pressure-speed relation for the indicators was based on a calibration curve determined 



THE ALTITUDE EFFECT ON AIR SPEED INDICATORS-II. 583 

experimentally. A table of pressures corresponding to various air speeds was then made for 

the use of manufacturers and inspectors of these instruments. It is found, however, that the 

equation 

Vi = 17.89 '(10a) 

where V\ is in miles per hour and hx in inches of water, represents this relation quite accurately, 
as is shown in Table I. 

TABLE I. 

Air speed 
(m. p. h.). 

Pressure by 
Zahm plot 

(inches water). 

Pressure from 
relation 

V\ = 17.89 h i 
(inches water). 

20 1.25 1.25 
40 5.00 5.00 
60 11.23 11.24 
80' 20.00 20.00 

100 31. 25 31.24 
120 45.00 44.99 
no 61.20 61.24 
100 80.00 79.99 

The constant in equation (10a) corresponds to the standard air conditions of 760 milli¬ 
meters mercury and +16° centigrade. 

Modified Zahm nozzle (Army type).—In the development of the modified Zahm nozzle 

(see fig. lb), the attempt was made to design a tube whose performance could be represented 
by equation (10a).4 5 

In computing Kx for the Zahm tubes, both Army and Navy types, we start with the generally 
accepted formula 

Vi = 17.89 fih, (10a) 

where vx is in miles per hour, hi is in inches of water, and the standard conditions of 760 milli¬ 

meters mercury and 16° C. are assumed. 

If equation (6a) is written in this form, there results: 

= = (6b) 

Consequently— 

I gd 
V Kfio 

17.89 

4 This is merely another way of writing (6a). 

5 Approximately. The constant was assumed as 17.9 instead of 17.89. The difference is negligible, and equation (10a) will be assumed in this 
report to apply to indicators for use with both the Army and Navy type Zahm tubes. 



584 REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS. 

In order that the results may be in C. G. S. units, the constant 17.89 should be changed so 

that in (10a) v{ shall be in centimeters per second and %t in centimeters of water, i. e. 

Vi =501.8 -y/hv 

Equating the expression to the constant 501.8 and substituting the numerical 

values of d and pOJ we obtain 

or 

— = 0.003253 
9 

= 3.188 (g = 980). 

Ex6 
K 

then equals 6.38, which is seen to agree well with the low-pressure wind-tunnel data for the 

Zahm tubes.7 
Toussaint-Lepere.—These air-speed nozzles (see fig. lc) have been used to some extent by 

the United States Air Service, both because they are easier to mount ahead of the leading edge 

of the airplane than are the Zahm tubes and because the Toussaint-Lepere air-speed recorders 

have been used in performance testing. 

In their manufacture no special conditions are imposed as regards construction tolerances, 

so, as .a result, appreciable differences occur in the dimensions of individual tubes. Conse¬ 

quently, these tubes have no standard calibration curve and their performance varies appreci- 

ably. The French practice, therefore, is to calibrate separately each Toussaint-Lepere tube 

with its corresponding recorder and to determine in this way the performance of each individual 
outfit. 

In spite of the possibility for error thus arising through the method of construction of the 

tubes, the three Toussaint-Lepere tubes tested in this investigation gave fairly consistent 

results. On this account a constant based on data for three different tubes has been determined 

for these nozzles. The first value was obtained from the test, the results of which are tabulated 

in Table II and in which the air speed was varied from approximately 80 to 285 miles per hour. 

The remaining two values were obtained from two other tubes tested in the low-pressure wind 

tunnel at air speeds ranging from approximately 20 to 90 miles per hour. (See figs. 9f and 9g.) 

In obtaining these three average values, the data obtained at air speeds below 40 miles per hour 

were discarded, since the viscosity effect was noticeable below these speeds. It was also found 

si K, the Pitot tube constant, is £. 

• K\ P\., , Dvp 
X~~p for larSe values of See equation (13a). 
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that the value of the constant was appreciably higher for the one observation made at a speed 

above 250 miles per hour, so this value was discarded also. 

The data shown in Table II and plotted in figure 2 were obtained from a test made by one 

of the authors in the high-speed wind tunnel at McCook Field.8 

TABLE II.— Toussaint-Lepere, identification No. X9. 

Air speed 
(m. p. h.). 

Pitot head 
in inches 

water. 

Pitot-Veniuri 
head hi 

(inches water). 
hi 
h 

Dvp 

M 

83.0 3.0 13.1 4.37 22,500 
112.7 5.5 24.6 4.48 30,400 
153. 0 10.0 44.8 4.48 41,000 
195.5 16.2 72.0 4. 44 52,100 
236.2 23.1 103.8 4.50 62,500 
268.0 29.6 129.7 4.43 69', 900 
287.5 33.8 140.5 4.16 74,500 

Figure 2 shows that this tube obeys the Pv2 law as well as the Pitot does up to at least 250 

miles per hour. The falling off in relative performance at the highest speed is probably a correct 

indication of what happens with this tube, but, owing to the fact that there is only one point 
which shows this tendency, further evidence is needed. 

By substituting in equation (6b) the data from which figures 2, 9f, and 9g, were plotted and 

then correcting Cfor air density by multiplying it byJ-, we obtain the values 20.5, 21.1, and 
V Po 

22.1. The average of these values was assumed as characteristic of these tubes, so that the 

formula which would serve for the calibration of indicators for use with Toussaint-Lepere 
nozzles is given by 

= 21.2 V/q (10b) 

where iq is in miles per hour and ht is in inches of water. 

In determining the constant Kx for the Toussaint-Lepere nozzle, equation (10b) is first 
transformed to 

Vi — 595 V^i 

where iq is in centimeters per second, \ is in centimeters of water, and standard conditions are 
assumed. 

Then VH = 595; 

whence ^ = 0.00231, 
9 

Kx = 2.26, 

and Ei 
K 

4.52, 

which agrees closely with Figure 2. 

Badin single Venturi.—Both the Badin single and double Venturi nozzles (See figs. Id 

and le) aie adjusted to a standard calibration curve oy tne process of testing at a given speed 

(130 kilometers per hour) and then changing slightly, if necessary, the angles of the cones until 

the tube deliv ers the standard pressure at that speed within a fraction of a per cent, it is as¬ 

sumed that a series of these tubes giving identical pressures at one particular speed and having 

a common zero will have exactly the same calibration curve. This is probably true over the 

ordinary speed range of heavier-than-air craft, but it is extremely doubtful if it is so at the lower 

Rio,, ^Crh0;S WiSh, tf° a<'knowledge the courtcsy of the Engineering Division of the Air Service in placing the high-speed wind tunnel at McCook 
material assistance0^ °' t6StS which are rePorted in this PaPcr- The cordial cooperation of the wind-tunnel staff in these tests was of 
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speeds of Jighter-than-air craft where the viscosity effect becomes appreciable, as will be shown 

later in this paper. 

The constant C for the Badin single Venturi tube was obtained from the data shown in 

Tables III and IV and plotted in Figure 3. The first set of data (Table III) was obtained from 

an ordinary wind-tunnel test in Bureau of Standards wind tunnel No. 29. The second set 

(Table IV) was computed from a standard curve furnished upon request by the designer of the 

nozzle, M. Badin. The agreement of the two sets of data is very good, as can be seen from in¬ 

spection of Figure 3. 
TABLE III.—Badin single Venturi, serial No. 322. 

Air speed 
(m. p. h.). 

Pitot head 
h (centi¬ 
meters 
water). 

Venturi 
head hi 

(centime¬ 
ters water). 

h 
h 

DvP 

lfi.8 0.333 1.30 3.38 4,600 
19.5 .446 1.85 3.59 5,300 
22.0 .569 2.25 3.42 6,000 
25.3 .756 3.15 3.60 6,900 
29.3 1.01 4.35 3.71 8,000 
33.7 1.34 6.10 3.94 9,200 
38.2 1.71 8.20 4.13 10,400 
43.8 2.26 11.70 4.47 12,000 
46.7 2.55 13.50 4.58 12,800 
49.2 2.85 15.10 4.58 13,400 
50.4 3.18 16.40 4.46 13,800 
55.9 3.70 20.50 4.79 15,300 
60.4 4.50 24. 80 4. 77 16,500 
70.4 6.05 33.20 4.76 19,200 
81.2 7.75 43.70 4.89 22,200 
89.9 9.52 54.80 4.99 24,600 
98.8 11.5 66.20 4.99 27,200 

106.8 13.4 77.10 4.98 29,200 
111. 1 14.5 83.70 5.00 30,300 
122.8 17.7 105.70 5.17 33,500 
131.8 20.5 122.50 5.19 30,000 
144.0 24.4 146.80 5.21 39,300 

Static openings 

Static 
openings 

0=0.55 I” 
5=0.018" 
c=0.3 IS" 
d=2./26" 

e= 25° 

Fig. Id—Badin single Venturi. 

TABLE IV.—Badin single Venturi, calculated from curve furnished by Badin. 

Air speed 
(m. p. h.). 

Pitot 
head ft, 

(c ntime- 
ters water). 

Venturi 
head h 

(centime¬ 
ters water). 

ft, 

h 
Dvp 

u 

12.4 0.190 0.3 1.58 3,800 
18.6 .433 1.3 3. 00 5,600 
24.8 .768 2.8 3.65 7,500 
31.0 1.200 5.0 4.17 9,400 
37.3 1.730 8.0 4.62 11,300 
43.5 2.360 11.2 4. 75 13,100 
49.7 3.080 15.3 4.97 15,000 
55.9 3.890 19.7 5.08 16,900 
62.1 4.800 24.0 5.00 18,800 
74.6 6.930 35.0 5.06 22,500 
87.0 9.430 46.8 4.97 26,300 

100.0 12. 470 60.2 4.83 30,100 
111.7 15. 580 76.2 4.89 33,700 
124 1 19.200 94.5 4.92 37,600 

The average value of the constant C was obtained from data at air speeds varying from 

50 to 125 miles per hour. At lower speeds the value increased appreciably. No correction 

was made for air density, since the air conditions which the curve represented were not given. 

9 The wind-tunnel staff of the Bureau of Standards cooperated in obtaining ordinary wind-tunnel data for a number of nozzles tested in this 
investigation. 
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The equation which is taken as representing the performance of the Badin single Venturi 
tube at air speeds above 50 miles per hour is 

Vi = 20.25 (10c) 

where is in miles per hour and \ is in inches of water. Tests at high air speeds indicate that 
this relation probably holds good at least to speeds of 200 miles per hour. 

If Vi is expressed in centimeters per second and in centimeters of water, equation (10c) 
becomes 

Vi = 568.0^/^ 

Following the previous procedure: 

Vlsr568-0- 

whence —1 = 0.002539, 
9 

and Aj = 2.488. 

Then ^ = 4.98, 

which is in agreement with Figure 3 and the last eight values in Table IV. 

Badin double Venturi.—Table V and Figures le and 3 illustrate the design and character¬ 

istic performance of the Badin double \enturi as given by a calibration curve furnished by M. 

Badin. As in the case of the Badin single Venturi, the air conditions for which the calibration 

curve was drawn are not known, so the French standard conditions of 760 millimeters mercury 

and 15° C. were assumed. Comparison of Figure 3 with Figure 9i shows that the low-pressure 

wind-tunnel tests of Badin nozzle serial No. 320 agree very well with the curve furnished bv 
M. Badin. 

-/.28 

5.28' 

a= 5°28' 
b= ! 6°d O' 

t 

• /“=./£>/ 
h//8 c= .236" f= .276" 

d= .55 / " g= .039" 
e=.786" / =.256" 

Static connection (Co/ombel modi ficationj 

Fig. le.—Badin double Venturi. 

TABLE V —Badin double Venturi, calculated from curve furnished by Badin. 

Air speed 
(m. p.h ), 

Pitot 
head ft 
(inches 
water). 

Venturi 
head fti 
(inches 
water). 

h 
h 

Dvp 

v 

18.6 0.66 4. 5 6. S 5,640 
24.8 .88 8.0 9.1 7, 520 
31.0 1.23 12.8 10.4 9,400 
37.3 1.77 19.9 11.2 11,300 
43.5 2.42 28.0 11.5 13,200 
49.7 3.15 38.0 12.0 15,000 
55.9 3. 99 48.8 12.2 16;900 
62.1 4. 81 61.0 12.7 18,800 
74.6 6.94 90.3 13.0 22,500 
87.0 9.45 126.5 13.4 26,300 
99.4 12.32 172. 5 14.0 30,100 

111.8 15. 60 225.0 14.4 33;800 
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No constant could be determined for this nozzle, as the curves in Figures 3 and 9 show 

that the value of Kx was still increasing at the highest air speeds which could be attained. 
Bruhn double Venturi.—This tube is designed to give a differential pressure 13.6 times 

as great as that delivered by a standard Pitot tube; in other words, to produce the same differ¬ 

ential head of mercury as a Pitot tube would of water.10 It is stated by W. Hort that this 

---6.566"—-- 

--{.966 

Fig. If.—Bruhn double Venturi. 

condition is not quite attained in the actual performance of the nozzle, so that the tubes 

must be calibrated individually. In the course of this investigation, however, a Bruhn tube, 

serial No. 370, just received from Germany, gave at high speeds almost exactly 13.6 times the 

pressure delivered by a Pitot tube: hence this relation was assumed to be standard. I his tube 

(serial No. 370) was a new one, whereas the two which were tested in the low-pressure wind 

6 

4 

P 
P 

2 

0 

tunnel were used during the recent war and showed signs of hard usage. On this account 

more confidence is placed in the results given by No. 370 than in those given by Nos. 326 anc 

333. Owing to the fact, however, that No. 370 was received too late to be given tests at 

reduced pressure in the low-pressure wind tunnel, results for Nos. 326 and 333 are included 

in order to illustrate the viscosity effect on these tubes. Table VI and Figure 4 give the results 

obtained in a test of tube No. 370 in wind tunnel No. 2 at the Bureau of Standards. 

w Ein neues Instrument zur Geschwindigkeitsmessung auf Flugzeugen, W. Hort, Zeitsehrift fur Flugtechnic und Motorluftschiffahrt, \ol. , 

1918, p. 67. 

• • • < • • 

To us sain KLef o'ere 
t— iri4=>nt/TinriTinn / vo. AC7 - 

. _ 

B2£x,o'3 

Fig. 2.—Results of tests in ordinary wind tunnel. 
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TABLE VI.—Bruhn double Venturi, serial No. 370. 

589 

Air speed 
(m.p.h.). 

Pitot 
head h 
(inches 
water). 

Venturi 
head h, 
(inches 
water). 

h 
h 

Dvp 

27.1 0.87 7.8 9.0 7,420 
35.5 1.48 14.4 9.7 9,710 
47. 1 2.62 28.4 10.8 12,900 
50.2 2.96 32.8 11.1 13,700 
52.4 3.25 36.6 11.2 14,300 
58.3 4.01 46.6 11.6 16,000 
63.9 4.82 57.8 12.0 17,500 
70.2 5.80 70.6 12.1 19,200 
76.8 6. 94 86.2 12.4 21,000 
84.4 8.40 106.4 12.6 23,100 
86.0 8.72 112.7 12.9 23,500 
91.8 9.95 128.0 13.0 25,100 
98.2 11.39 149.6 13.1 26,800 

103.2 12. 52 166.4 13.3 28,200 
104. 1 12.76 167.3 13.1 28,400 
113.0 15.07 200.8 13.3 30,900 
118.5 16.53 223.0 13.5 32,300 
123.2 17.88 243.0 13.6 33,700 
128.7 19.53 266.0 13.6 35,200 
131.4 20.33 277.5 13.6 35,900 
134.5 21.32 291.0 13.6 36,800 
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Fig. 3.—Results of tests in ordinary wind tunnel. 

The calibration shown in Figure 4 agrees so well with the theoretical value of 13.6 that 

the ratio for the Bruhn tube will be taken as 13.6. 

Then ^ = 6.800 

and ^ = 0.006939 
& 

The formula for the Bruhn tubes can be written 

Vi = 12.28 (lOd) 
where is in miles per hour, hx is in inches of water, and standard conditions are assumed. 
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ho calibi ation cui ves plotted in Figure 5 are obtained from the formulas just given except 

in the case of the Badin double Venturi. This last is obtained from the curve furnished by M. 

Badin.11 * * (See Table V.) The curves computed from the formulas (lOa-d) are only approxi¬ 

mate at low speeds owing to the viscosity effect, but they are useful for reference purposes. 

8. DETERMINATION OF FORM OF Q f—t Dvip\ 
\P M / 

In order to determine accurately the form of the function 6 (po> ~VPP\ for low values of the 
\P p / 

argument, it was necessary to run a series of tests for each type of tube at low values of the 

variable ^-P ^ or • In doing this it makes no difference whether v is decreased or p is 

decreased, as far as the value of —p5 is concerned, but it does make a very appreciable difference 
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Fig. 4.—Results of tests in ordinary wind tunnel. 

in the magnitude of the pressures delivered by the static plate and the tube under test, since 

these pressures depend on the product pv2. It can be shown that the pressures obtained when 

p is decreased are greater than if v were decreased enough to produce the same change in the 

Thus the use of a low-pressure wind tunnel makes it possible to obtain greater value of 
Dvp 

Dvp 
accuracy of measurement at low values of —- than if extremely low speeds were used in an 

ordinary wind tunnel. 
DESCRIPTION OF LOW-PRESSURE WIND TUNNEL.12 

The unusual features of the low-pressure wind tunnel (figs. 6 and 7) used in this investiga¬ 

tion warrant a fairly complete description of it. The tunnel was designed to fit in one of the 

11 Since the curve for the Badin double Venturi is obtained from experimental data, it includes the viscosity effect, whereas the other curves 

which are plotted from equations (tOa-d), do not. This fact explains why the cun c for the Badin tube crosses that for the Bruhn tube. 

12 The authors are indebted to the airplane power plant section of the Bureau of Standards for permission to mount the wind tunnel in one of 

the engine altitude chambers and to the staff of this section for their cooperation in the tests. 
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new altitude chambers used for testing airplane engines at the Bureau of Standards.13 The 

chamber is approximately 14^ feet long by 8 feet wide by 11 feet high. The tunnel was made 

11^ feet long, so that a space of about 18 inches was available at each end of the tunnel between 

the end of the cone and the wall. 

The entrance cone was made square in cross section and tapered, as shown in Figure 7, 

from 32 inches at the entrance to 16 inches at the throat in a distance of 3 feet. A wooden 

honeycomb was placed at the entrance with one layer of mosquito netting14 across it. The 

throat was 18 inches long and was square in cross section. A removable cover to which the 

Venturi tubes could be attached was set in the top of the throat. The exit cone was made of 

sheet iron and was 7 feet long, tapering from a circular section 32 inches in diameter at the fan 

end to a section 16 inches square at the throat. 

Since a high air speed was not the primary consideration in the design of this tunnel, no 

attempt was made to utilize the refinements by which the efficiency of a wind tunnel can be 

slightly increased, but ease of construction was given the preference. 
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Fig. 5.—Calibration curves for Venturi air-speed nozzles. 

A two-blade fan 30 inches in diameter was specially designed and used in this tunnel. 

It was driven through a belt by a 25-horsepower variable-speed motor. The maximum dan 

speed attained was about 2,800 r. p. m. 

Figure 6 shows the door to the altitude chamber with the fan end of the tunnel just visible. 

The motor is mounted beneath this end of the tunnel. Outside the chamber on the left of the 

door are the controller and circuit breaker for the motor. On the right are shown the three 

manometers used in the tests. Nos. 1 and 2 are inclined benzene manometers having slopes of 

approximately 0.07 and 0.4, respectively. The third is a vertical U-tube water manometer. 

The air density inside of the chamber can be computed from the readings of the barometer, 

shown at the left of the manometer, and the thermometer hanging in the doorway. The ther¬ 

mometer was read through a glass window in the door. 

The air speed was measured by means of a static plate. Two static plates were set into 

one of the side walls of the throat, one near each end. Tests at various barometric pressures 

showed that the upstream plate (the one nearer the entrance cone) gave more consistent results 

than the other, so this plate was used throughout the tests. 

The static plate was connected to the inclined manometers on account of the small differ¬ 

ential pressures involved, particularly at low speeds and high altitudes. In order that a more 

11 Th0 assistance of Mr. Walter Kirby, of the aeronautic instruments section of the Bureau of Standards, in connection with the design of the 

low-pressure wind tunnel is acknowledged. 

u To damp time fluctuations of velocity and to produce a more nearly uniform velocity distribution over the cross section of the throat. 



REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS. 

open scale might be obtained, the plate was connected at low speeds to the inclined manometer 

with the smaller slope. At the same time, the Venturi tube under test was connected to the 

other inclined manometei. \alves were arranged so that, when the benzene in either manome- 

tei appioached the uppei end of the tube, the static plate connection could be shifted cjuickly 

to the inclined manometer of greater slope and the Venturi connection to the vertical manome¬ 
ter. This arrangement proved very satisfactory. 

The inclined manometers were calibrated against a water column which was read by 

means of a cathetometer. As the relation between the manometer reading and the corre- 

Fig. 6.—Altitude chamber. 

spending \ ertical head of water is not generally linear at low pressures, it was necessary to plot 

the ratio of vertical head of water to manometer reading against manometer reading for each 

manometer and to reler to these plots in reducing the observations. 

I he static plate was calibrated against a standard Pitot tube at various barometric pres¬ 

sures. Upon plotting the pressure delivered by the static plate against that delivered by the 

standard Pitot, it was found that a straight line resulted for each given air density, and that 

changing the air density resulted in altering the slope of this line slightly. This fact made it 

possible to change the static plate readings to standard Pitot readings very easily for any given 

pressure. The ratio of the Pitot pressure to the corresponding static plate pressure was deter¬ 

mined for calibrations at four different air densities ranging from about 0.0004 to 0.0012 gram 

per cubic centimeter. When these ratios were plotted against air density 15 they were found 

15 This ratio would undoubtedly prove to be a function of but since the air temperature was practically the same in all of the tests vand 
p were the only independent variables. M ’ 
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Front view 

of throat 

53006—23-39 
Fig. 7.—Low-pressure wind tunnel, Bureau of Standards. 
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to lie quite closely along a straight line. (Fig. 8.) Consequently the most probable straight 

line was determined for the four points and was used in reducing observations. 

To determine the true air speed at the throat of the tunnel the following method was used: 

The pressure delivered by the static plate was determined from the readings of the inclined 

manometer and the calibration curve for the manometer. From the static plate calibration 

(do-. 8) the corresponding pressure for the standard Pitot tube was obtained. Then the air 

speed was computed from equation (3b). 
Since, in the case of a Pitot-Venturi nozzle, both the Pitot and the Venturi can not be placed 

at the center of the tunnel simultaneously, it was necessary to determine the velocity distribu¬ 

tion over the cross section of the throat of the tunnel. This was done over an area 8 inches 
square symmetrical with respect to the center of the tunnel and with the sides horizontal and 

vertical. This area was sufficient to include the openings of all the tubes tested. 
The velocity distribution was studied over the range of barometric pressures used in the 

tests which follow. Almost without exception the variation was within 1 per cent. In no 

case was this value greatly exceeded. 

LOW-PKESSURE WIND-TUNNEL TESTS. 

Samples of all types of Venturi and Pitot-Venturi tubes in common use were tested in the 

low-pressure wind tunnel. Particular attention was paid to the Zahm tubes, both Army and 

Navy types, since these tubes are the most commonly used in the United States. 

.0002 .0006 .00/0 .00/4 
dir density-grams/cm3 

Fig. 8.—Calibration curve for static plate. Low-pressure wind tunnel. 

Photographs of these tubes are shown in Figure 1, N. A. C. A. Report No. 110, already 

referred to. Longitudinal cross sections are shown in Figures la to If of this present report. 

The tube to be tested was mounted at the center of the throat of the tunnel. The differ¬ 

ential pressure delivered by the tube was measured for speeds varying from approximately 15 

to 90 miles per hour. This process was repeated for a series of air pressures from full atmos¬ 

pheric pressure to approximately 250 millimeters of mercury. Under these conditions it was 

found possible to reach values of 
Dvp 

as low as 1,500, using C. G. S. units and taking D as 1 

centimeter. These are distinctly lower values than were obtained with the old low-pfessure 

wind tunnel, with which it was found impossible to reach values of lower than 4,000* 

The readings taken during the tests included the pressures delivered by the static plate 

and the tube under test and the air temperature and pressure inside of the chamber. With the 

Pitot-Venturi tubes the lower end of the manometer was connected to the Pitot and the upper 

to the Venturi. Since the Badin single Venturi has static openings, the lower end of the 

manometer was connected to these. A small auxiliary static tube 16 sometimes used with 

the Badin double Venturi was attached to the nozzle and connected to the lower end of the 

manometer when this nozzle was tested. The Bruhn tube has no static pressure holes, so 

the lower end of the manometer was connected to the downstream static plate. 
A sample table of data and computations is given below for Zahm nozzle serial No. 330. 

Owing to the amount of space required to tabulate the data and computations for all the 
tubes, only the plots resulting from the data are given for the other tubes. (See figs. 9a-k.) 

11 Colombel modification. 
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TABLE VII.—Zahm nozzle, serial No. 330. 
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1 

Run 
No. 

2 

Bar. 
pres. 

B (cm. 
ofHg.). 

3 

Temp. 
1 °C. 

4 

Pit. pres. 
h (cm. of 
water). 

5 

Pit .-Vent. 
pres.Ti^cm. 
of water). 

6 

Air density 
p 

(gms./cm.3). 

7 

Air viscosity 
p 

(gms./cm.sec.) 

8 

True air 
speed 

y(cm./sec.). 

9 

Indicated 
air speed 

Vi (cm./sec.). 

10 

h 

h 

11 

Dv p 

n 

12 

Dvi p 

P 

13 

V 

N 

14 

Rela¬ 
tive 
den¬ 
sity 

p 

Po* 

0.505 2.58 915 805 5.11 5,820 5,120 1.135 
.710 3.34 1,080 920 4.70 6,870 5,850 1.175 

1.395 7.92 1,520 1,410 5. 68 9,670 8,970 1.080 
2.040 11.5 1,840 1,700 5. 64 11,700 10,800 1.080 
2.82. 16.6 2,160 2,050 5.89 13,700 13,000 1.055 
3.76 22.9 2,500 2,400 6.09 15,900 15,300 1.040 
4.98 31.0 2,880 2,800 6. 22 18,300 17, 800 1.030 
5.53 34.2 3.030 2,940 6. 19 19, 300 18,700 1.030 
6.13 37.9 3,190 3,090 6.19 20,300 19,700 1.030 

1 755 24.3 
6.67 
7.69 

41.4 
49.4 0.001179 0.0001855 3,360 

3,570 
3,230 
3,530 

6.21 
6.42 

21,400 
22,700 

20.500 
22.500 

1.040 
1.010 

0.966 

9.39 60.9 3,950 3,920 6.49 25,100 24,900 1.010 
8.23 51.9 3,700 3,620 6.31 23,500 23,000 1.020 
7.18 44.4 3,450 3,340 6.19 21,900 21,200 1.035 
6.29 37.0 3,230 3,050 5. 88 20,500 19,400 1.060 
5.76 35.4 3,090 2,990 6.15 19,600 18,900 1.035 
3.25 19.6 2,320 2,220 6.04 14,800 14,100 1.045 
1.915 10.8 1,780 1,650 5.64 11,300 10,500 1.080 
.565 2.74 970 830 4. 85 6,170 5,280 1.170 
.510 2. 45 920 785 4.80 5,850 4,990 1.170 
.430 2.06 925 720 4.79 4 900 3,820 1.285 
.805 4.51 1,270 1,070 5.60 6,740 5,670 1.190 

2.31 13. 80 2,150 1,870 5. 98 11,400 9,920 1.150 

627 23.3 
4.13 
5.55 

24.9 
34.4 . 000982 .0001851 

/ 2,870 
3,330 

2,500 
2,940 

6.03 
6.20 

15,200 
17,600 

13,200 
15,600 

1.145 
1.135 .804 

O 7.96 49.9 3,990 3,550 6. 27 21,200 18,800 1. 125 
5.82 36.4 3,410 3,030 6.26 18,100 16,100 1.125 
3.61 21.9 2,680 2,350 6.07 14,200 12,500 1.140 

623 23.3 / 1.265 
\ . 445 

7.11 
2.06 | . 000976 .0001851 

/ 1,590 
\ 945 

1,340 
720 

5.62 
4.63 

8,380 
4,980 

7,070 
3,800 

1.185 
1.310 • .799 

.355 1.49 925 615 4.20 4,050 2,690 1.505 

.460 1.93 1,050 700 4.22 4,600 3,070 1.500 
1.900 10.65 2,140 1,640 5.61 9,380 7,180 1.305 
3.77 22.4 3,020 2,380 5. 94 13,200 10,400 1.270 

3 516 22.9 6.52 39.9 .000811 . 0001847 3,970 3,170 6.12 17,400 13,900 1.250 .664 
4.22 25.4 3,190 2,530 6.02 14,000 n)ioo 1.260 
2.12 12.4 2,260 1,770 5.85 9,900 7,760 1.275 
.480 2.05 1,080 720 4.27 4,730 3,150 1.500 
.355 1.45 925 605 4.09 4,050 2,650 1.530 
.280 1.10 940 525 3.93 3,170 l)770 1.790 

/ .425 1.75 1,160 665 4.12 3,910 2,240 1.745 
1.200 6.10 1,940 1,240 5.08 6,540 4,180 1.565 

396 22.4 
2.83 16.0 2,980 2,020 5.65 10,100 6,810 1.485 

4 5.19 30.8 . 000623 . 0001845 4,040 2,790 5. 94 13,600 9,400 1.450 .610 
3.48 20.4 3,310 2,270 5.86 11,100 7,660 1.460 
1.620 11.8 2,260 1,730 7. 28 7,620 5,830 1.305 
.370 1.55 1,080 625 4.19 3,640 2,110 1.730 
.275 1.05 930 515 3. 82 3,130 1,740 1.905 
.195 .630 905 400 3.23 2,290 1)010 2.260 
.205 .670 930 410 3. 27 2,350 1)040 2.270 
. 3io 1.165 1,150 540 3.70 2,910 1,370 2. 160 
. 615 2.45 1,610 785 3.97 4,070 1)990 2.100 
.720 3.09 1,740 880 4.29 4,400 2,230 1.980 

1.390 6.74 2,420 1,300 4.85 6,120 3,290 1.860 
1.87 9. 66 2,800 1,560 5.16 7,080 3,950 1. 795 
2.58 14.4 3,290 1,910 5.58 8,320 4)830 1.725 

297 22.4 
3.00 15.9 3,550 2,000 5.30 8,980 5,060 1.775 

.382 0 4.04 23.4 . 000467 . 0001845 4,120 2,430 5.80 10; 400 6) 150 1.695 
. 3.49 19.9 3,830 2,240 5.71 9,690 5)670 1.710 

2. 87 15.8 3,470 2,000 5.51 8,780 5,060 1.735 
2.16 11.8 3,010 1,730 5.46 7,620 4,380 1.740 
2.06 11.6 2,940 1,710 5.64 7,440 4,330 1. 720 
1.33 6.58 2,360 1,290 4.95 5,970 3,270 1.830 

. 695 2.94 1,710 860 4.23 4,330 2) 180 1.990 

.275 .960 1,080 490 3.49 2,730 1,240 2.205 

.210 .670 | 940 410 3.19 2,380 1,040 2.290 

. 195 .630 905 400 3.23 2, 290 1,010 2.260 

.060 .185 550 215 3.08 1,180 460 2.560 

. 120 .365 775 305 3.08 1,660 652 2.540 

. 145 .485 850 350 3.34 1,820 750 2.425 

.250 .870 1,120 470 3. 48 2,400 1,010 2.385 

.410 1.61 1,430 640 3.93 3,060 1,370 2. 240 
6 245 18.5 .575 2.47 . 000391 . 0001825 1,700 790 4.30 3,640 1,690 2.150 

.320 1.00 5.12 2,240 1,140 5.12 4,790 2) 430 1.965 
. 540 2.27 1,650 755 4.20 3,530 1,615 2.185 
.360 1.32 1,340 575 3. 67 2,870 1,230 2.330 
. 175 .590 935 385 3.37 2,000 824 2.430 
. 140 .445 835 335 3.18 1,790 717 2.495 

% 
.075 .225 j 613 240 3.00 1,310 514 2.550 

* 
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In Tabic VII, columns 1, 2, and 3 are self-explanatory. 

Column 4 gives the Pitot pressures corresponding to the air speeds and air densities exist¬ 

ing in the throat of the tunnel when the observations were made. Actually, as has already been 

explained, these pressures were determined indirectly by measuring the static pressure drop 

in the throat of the tunnel by means of a static plate connected to an inclined benzene manom¬ 

eter. The readings of the inclined manometer were then changed to vertical heads of water 

by means of the calibration curve for the manometer. These heads of water, which were for 

the static plate, were then changed to the corresponding heads for the standard Pitot by means 

of the curve shown in Figure 8. The heads thus determined are those given in column 4 and 

are related to the true air speed v by equation (3b). 

Column 5 gives the differential pressures delivered by the Zahm tube. These pressures 

were obtained by reducing the inclined manometer readings to vertical head of water or reading 

directly from the vertical water U-tube, according to which manometer was used. 

The air densities existing in the chamber at the time when the observations were made 

are given in column 6. They are computed from the formula 

p — po 
BT0 

B0T (11) 

where pc = 0.001221 gram per cubic centimeter for the standard conditions tQ= 16°C. (770 = 289°) 

and Bo = 7Q0 millimeters mercury. 

Sutherland’s formula, given below, was used for the determination of the air viscosities 

given in column 7. 

M=Mo 

1 + 
119.4 

273 
119.4 

T 

IJL 
\ 273 

(12) 

where p0 was taken as 0.0001733 gram per centimeter per second at 0°C. 

Values of the true air speed v are given in column 8. These are computed from the equa¬ 
tion: 

-A p 0 
h=— -j v\ 

g a (3b) 

The value of ^is obtained from the equation for the standard Pitot: 

v = 28.313 (10e) 

where v is in miles per hour and h is in centimeters of water. To obtain v in centimeters per 

second, we multiply the constant 28.313 by 44.70 and obtain 

v=1266 -y/h. 
Now 

Vi5o“1266 

and p0 = 0.001223 gram per cubic centimeter, since the constant 28.313 corresponds to the 

wind-tunnel standard conditions of 760 millimeters of mercury and 15.6°C. 
Whence 

—=0.0005102 
9 

or 

K= 0.5000 (gr = 980). 
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Fig. 9.—Results of tests in low-pressure wind tunnel. 
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This value of K agrees within the limits of accuracy of these computations with the value 

of K from the theoretical Pitot formula 

7 pv2 _ Kpv2 

1 ==2 gd~ ~gdT' 

In this formula /£= £. Consequently, for the purpose of computing there is no need 

of correcting the heads delivered by the standard Pitot used in this investigation to the values 

which would have been obtained from a Pitot whose performance was in accordance with the 

theoretical Pitot formula. 

Column 9 gives values of the indicated air speed V\ computed from 

-^1 Po 

g d (6 a) 

in which ^ = 0.003253 (for Zahm tubes) and the values of Tit are taken from column 5. 

Columns 10, 11, 12, and 13 are the plotting tables. Columns 10 and 11 are used to furnish 

the plot of ^-l or against ^Vp The values of the variable are computed from the 

values of p, p, and v found in columns 6, 7, and 8, respectively, I) being taken as 1 centimeter, 

since C. G. S. units are used. The choice of D is purely arbitrary, since it represents any corre¬ 

sponding linear dimensions of a series of geometrically similar tubes; for example, the throat 

diameter or the length of the tube. Owing to the fact that, except for several groups of two 

or three identical tubes each, the ones used in this investigation were not geometrically similar, 

there is no restriction whatsoever upon D, and so it is arbitrarily chosen as 1 centimeter for 

all the tubes. This means that the curves for the different tubes can not be compared among the 

themselves as far as abscissae are concerned. In fact, if the tubes were geometrically similar 

we should obtain the same curve for all the tubes, provided the D’s were taken proportional to 

the sizes of the tubes and the roughness of the surfaces was in this same proportion. 
Since 

h 
pv2 

2 gd1 

the ordinates of this curve are twice those in the corresponding plots in N. A. C. A. Report 

No. 110, where 5 was used. That arrangement is more logical from the purely physical 

standpoint, but the present arrangement is deemed better for this report, since the ordinate 

is a direct measure of the ratio of the pressure delivered by the Venturi (or Pitot-Venturi) tube 

to that given by a Pitot tube17 for different values of —p- It also gives the ratio of ^ 

for the tubes, since 

and 

from which it follows that 

h K* 

(3b) 

(5b) 

(13) 

17 Th*s ratio is sometimes called the efficiency of the Venturi tube. 
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For sufficiently great values of 
Dvp 

(p 

and 

h~ K 
(13a) 

v** v jl w i i ** wy ** a. j va.* v> u, v i v/xx \y m uxx v a ui » t • 

Figure 9 contains the data for determining the form of the function 6 for the 

for these values. 

In the region where (13a) holds, the tube follows the pv2 law. 
' p0 DviP 

.p ’ p 
different types of nozzles investigated. The data are prepared for this purpose in columns 12 

and 13 of Table VII for Navy type Zahm nozzle No. 330. The relative density given in 

column 14 is used in computing values of — from equations (17) and (18). 

9. PERFORMANCE OF VENTURI NOZZLES AT VERY HIGH SPEEDS. 

As far as can be determined from the available data, the efficiency for each of the 

Venturi tubes tested in this investigation remains constant for a considerable range of values of 

Dvp 

p 
- above the region where the viscosity of the air affects the performance of the tubes. As 

the value of continues to increase, however, a point is reached where this ratio begins 

to decrease once more. This decrease in efficiency possibly may be due to the compressibility 

of the air, but this has not been proved as yet. 

A brief discussion will be given here of the performance at high speeds of the nozz] tested 

in this investigation in order that the upper limit of the range over which these tubes obey the 

pv2 law may be estimated. 

Zahm, Army and Navy— In Part II of Report 110, Figure 7, are plotted the data from 

tests of an Army Zahm tube in the wind tunnel of the Aerotechnic Institute at St. Cyr. 

Assuming standard conditions and computing the speed corresponding to the highest values of 

—-— given there, the value of 150 miles per hour results. There is no indication from the plot 
p 

that the speed at which the efficiency of the tube decreases has been reached. 

Further corroboration is obtained from the following results obtained by one of the authors 

from a test made in the wind tunnel at McCook Field in December, 1919. 

TABLE VIII.—Army Zahm, serial No. 327. 

Air speed 
(m. p. h.;. 

Pitot 
head h 

(centimeters 
water"). 

Pitot- 
Venturi 
head h, 

(centimeters 
water). 

h 
h 

Dvp 

37.8 1.78 9. 40 5. 28 11,400 
4(3.7 2.72 16.25 5.98 14,000 
73.9 6. 85 45.7 6.66 22,200 
88.8 9.91 63.0 6.36 26,800 

100.9 12.70 81.8 6. 44 30,800 
116.7 17.02 113.0 6. 64 35,100 
131..5 21.59 143.0 6.62 39,600 
148.7 27.69 180.3 6. 52 44,800 
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These results are plotted in Figure 10. 
Tests conducted by the Engineering Division of the Air Service at McCook Field indicate 

that the formula 

V= C-yjh (with p constant) 

represents the performance of the Army type Zahm tube from the lower speeds of heavier-than- 
air craft up to 200 miles per hour.18 

No high-speed data on Navy type Zahm tubes are available for this report. Onlv experi¬ 
ment can determine whether this type of nozzle will perform in accordance with the pv2 law 
to as high a speed as does the Army type; and before it is used at the higher flying speeds, 
its performance at these speeds should be carefully investigated. 

Toussaint-Lepere.—Figure 2 and Table II show the results obtained from a test of a 
Toussaint-Lepere nozzle in the high-speed wind tunnel at McCook Field. This nozzle does not 
appear to be affected appreciably by compressibility up to speeds of at least 240 miles per hour. 

Badin single Venturi.—Table III and Figure 3 show that there is no decrease in 
the efficiency of the Badin nozzles up to air speeds of approximately 145 miles per hour. Tests 

conducted by the Engineering Division of the Air Service at McCook Field indicate that the 
efficiency of this type of tube does not decrease until speeds higher than 200 miles per hour 
have been attained. 

Badin double Venturi.—At the highest air speeds reached in this investigation, the per¬ 
formance of this nozzle was affected by air viscosity. Consequently the region in which the 
tube obeys the pv2 law was not reached in this investigation. 

Bruhn double Venturi. Tests conducted by the Engineering Division of the Air Service 
at McCook Field indicate that the efficiency of the Bruhn tube starts to decrease at a speed 
between 150 and 180 miles per hour and falls off rapidly at speeds above this. If the values of 

— corresponding to these speeds are computed for the air conditions on which Table VI 

and Figure 4 are based (760 millimeters mercury and +16° C.), 45,000 and 54,000 result 
Consequently, it may be expected that the curve in Figure 4 would take on a negative slope 

at some point between values of ^ of 45,000 and 54,000, had observations been extended 

as far as this. 
10. DISCUSSION OF DATA. 

Accuracy and range of data.-Comparison of Figure 11 (a and b) of this report with Figure 4 
o Report 110 shows clearly the superiority of the data obtained in the new low-pressure wind 
tunnel over those from the old one. The curves are quite clearly defined and cover a greater 
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range of values of than do the old ones. This fact makes it possible to show more 

conclusively than was done in Report 110 that there is no measurable correlation between the 

ratio t and either the density or the compressibility. 

Air density.—In Figure 11a are plotted the data for Navy type Zahm Pitot-Venturi serial 

No. 338. The values of ^ corresponding to high air densities are plotted as full circles, while 

open circles are used for values of ^ corresponding to low densities. In distinguishing between 

high and low air densities, the arithmetical average of all the densities involved in the low- 

pressure wind tunnel tests of this tube was taken and those values greater than this average 

value called high; those less called low. Where the density for a particular run was practically 

the same as the average density, the points determined by this run were not plotted. 

Compressibility.—In the same way points corresponding to high and low values of the com- 

Navy-Zahm Serial No. 339 
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Fig. 11.—Effect of density and compressibility. 

pressibility variable ~2 are plotted in Figure lib. For purposes of computing values of this 

variable, E was replaced by its equivalent, kB. No correlatiQn between the performance of this 

nozzle and the compressibility could be detected for the range of values of 
Dvp 

4 
shown in this plot. 

This range corresponds to a speed range of from 10 to 90 miles per hour approximately. 

Still further evidence of this lack of correlation which, although not decisive, tends to con¬ 

firm the conclusion that the compressibility effect on the performance of Venturi tubes is negli¬ 

gible over the ordinary range of flying speeds is to be found in the data given in Table II and 

plotted in Figure 2 of this report. These data were obtained from the test of a Toussaint-Lepere 

Pitot-Venturi tube in the high-speed wind tunnel at McCook Field. The differential pressure 

delivered by this tube was measured for speeds up to approximately 285 miles per hour. Inspec¬ 

tion of this plot shows that the ratio of the differential pressure pt of the Venturi to the Pitot 

pressure p is constant within the limits of experimental error between values of of 28,000 

and 68,000, corresponding to the approximate air speeds at sea level of 100 and 240 miles per 

hour, respectively. Below this speed range the change in value of the ratio is due to viscosity. 

The effect of compressibility is included in the Pitot pressure p. The fact, then, that the ratio 

pjp remains constant for this particular tube over the range above stated indicates the possibility 

that the effect of compressibility on the Venturi tube is to increase the suction which it delivers 

in the same proportion as the Pitot pressure is increased owing to this same cause. This can be 
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seen from the fact that the effective differential pressure produced by a Pitot-Venturi tube is 
equal to the numerical sum of the Pitot pressure and the Venturi suction; i. e., the ratio pjp 
can be written 

Py=s_±P=l+1 
p p p 

(14) 

Now the only way in which the quantity s/p-HI can remain constant is for the ratio s/p to 
remain constant. Consequently since it is known that compressibility increases p, s must be 
increased numerically in the same proportion by the same effect. 

The evidence thus presented showing an apparent lack of correlation between the perform¬ 
ance of Venturi air-speed nozzles and the compressibility of the air is utilized in the present 

Fig. 12.—Characteristic curves showing viscosity effect. Low-pressure wind tunnel. 

paper as a basis lor the assumption that the effect of compressibility on the performance of the 
air-speed nozzles discussed in this paper does not exceed the effect on a Pitot tube and so can be 
neglected over the ordinary range of flying speeds. This effect requires further experimental 
investigation. 

Hysteresis. In some of the plots of the data obtained in the low-pressure wind tunnel a 
scattering of points occurs in the region of sharpest curvature. This suggested the possible 
existence of a small hysteresis loop there similar to that found in the case of pipe lines where 
tuibulent flow changes to stream-line flow. If such a loop existed it would mean that, for the 

corresponding range of the differential pressure delivered by the tube would not be deter¬ 

minate unless it was known which side of the loop was being followed. An investigation of this 
feature, however, gave negative results—no hysteresis could be detected. 
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Comparison of viscosity effects on different types of tubes.—Perhaps the most noticeable 

feature of the curves shown in Figure 9 and in Figure 12 is the marked viscosity effect upon the 

double Venturi tubes as contrasted with the single Venturi and the Pitot-Venturi tubes. The 

underlying cause of this has not been ascertained, but it has been found that the magnitude of 

the effect for single or double Venturi tubes is measured by the ordinate when 0 (^VR^ = ^ 

The discussion of the limiting values of ^ will make the reason for this clearer. 

It is interesting to compare the form of the curve obtained for the Navy type Zahm nozzle 

with that for the Army type. Examination of Figure 9 (a to e inclusive) shows that the Navy- 

type tube follows the pv2 law to somewhat lower values of ^°R than does the Army type. 

This is mainly the result of the larger throat in the Navy type Zahm nozzle. If the tubes 

were geometrically similar, then by choosing the I) for each tube proportional to the diameter 

the two curves could be compared and, in fact, would coincide. Now the tubes are not quite 

similar and so can not be compared directly, but the Navy-type tube has a throat twice the 

diameter of that of the Army type. Consequently, it would be assumed that, since D was taken 

as 1 for each tube, the Navy-type tube would perform inhiccordance with the pv2 law down to 

lower values of ^R than would the other. 
n 

Limiting value of pjp.— Examination of the curves obtained for Venturi tubes, single and 

double, indicates that the prolongation of these curves would pass through or very near the 

origin of coordinates. If it were known to be true that as ^RR approached zero pl/p also 

approached zero, the discrepancies from this assumed relation could be readily attributed to 

the difficulty of obtaining accurate data for these low values. It is obviously unsafe to infer 

what form 0 may take for very small values of the argument, but as far as observations 

could be extended, the indications were that pjp approached zero as —- approached zero. 

The curves obtained for the Pitot-Venturi tubes are observed to point in a general way 
7) Dvo 

toward the value ^=1 for -=0. They thus corroborate the conclusions drawn from the 
p p 

Venturi curves, since: 

a-i+-s 

Dvp 
V V 

(14) 

Now as — approaches zero, s/p approaches zero as has already been observed. Consequently, 

for Pitot-Venturi tubes, as far as observations were carried 

— = 1 as 
V 

Dv^o 
M 

Critical pressure-ratio curves.—The magnitude of the viscosity effect for each type of tube 

is shown in Figure 13 (a to e). In plotting these curves, the point was first chosen (in fig. 9) 

where, as nearly as could be determined, the viscosity effect ceased to be appreciable; i. e., 

where the curve became horizontal. Then for the value of —- corresponding to this point, 

values of p and p corresponding to a series of United States standard air altitudes (see Table IX) 

were substituted and the resulting equation solved for v. In this way a series of air speeds was 

obtained corresponding to a series of altitudes. By plotting these speeds against the correspond¬ 

ing altitudes a curve is obtained which is called the 111 critical pressure-ratio” curve for the tube in 

question. It shows for each altitude the speed below which the performance of the tube is 
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affected by viscosity. The other curves are obtained in the same way except that the values of 

are selected for which the efficiency of the tube has decreased 10, 20, 30, and 40 per cent 

below its maximum value. The curves are then computed for the same altitudes as was done for 

the critical pressure-ratio curve and with the same assumptions as to standard conditions. In 

connection with these curves it should be remembered that a given percentage error in the effi¬ 

ciency or pressure-ratio involves an error in the indicated speed of only half that amount. 

Comparison of curves for same type of nozzles.—-One feature of the wind-tunnel data which 

might have been made more striking by the inclusion of other tests is the variation in the shape 

of the curves obtained for different tubes of the same kind, tubes which were as nearly alike as 

they could be made under conditions of quantity production. The results obtained for the 

three Navy type Zahm nozzles, shown in Figure 9 (a to c), tested in this investigation illustrate 

this quite well. Although these three curves probably would be found to give the same calibra¬ 

tion within less than 1 per cent at the high speeds, there are found appreciable differences at 

the lower speeds. Nozzle No. 330 is a copper-deposited tube, wdiile nozzles Nos. 338 and 361 

are made of cast aluminum. Owing to the fact that Nos. 338 and 361 were made by a process 

different from that by which No. 330 was made, it might be expected that a greater difference 

would be found between the curve for No. 330 and that for either Nos. 338 or 361 than would be 

found in comparing No. 338 with No. 361. The difference between the curves for No. 338 and 

No. 361 is sufficient, however, to show that apparently insignificant differences in construction 

may affect the calibration curve appreciably at low speeds. This being the case, it is clearly 
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impossible to measure low speeds accurately with a Venturi tube unless the tube is given a 
careful individual calibration. 

This fact is significant in connection with the calibration of the Badin nozzles. It is the 

custom to test these tubes at one fixed speed and to adjust the differential pressure which the 

tube delivers at that speed to within 0.5 centimeter of the standard pressure by making slight 

alterations in the shape of the cones. It is assumed that if the calibration curves for these Ven¬ 

turis coincide at two points they will coincide throughout. This assumption unquestionably 

would be true provided the tubes performed in accordance with equation (3a). Since the tubes 

perform according to equation (5a) instead and it has been shown that </> may be affected 

seriously by apparently insignificant differences in the tubes, it is very doubtful whether the 

assumption is justifiable. It may be satisfactory, however, for the higher speeds. 

Effect of rough or dirty throat.—The lower the speed at which turbulent flow still persists 

the greater will be the range over which the tube will perform according to the pv2 law. A slight 

roughness, theiefore, oi any other feature which tends to increase turbulence, may be an advan¬ 

tage, provided it does not decrease the efficiency of the tube appreciably at the higher speeds. 

The fact that dirtying the throat of a Venturi tube increases its efficiency at low speeds and 

decreases it at high speeds has been noted on several occasions by other experimenters. This 

phenomenon can easily be explained by the assumption that approximately stream-line flow 
exists at low speeds and turbulent flow at high speeds. 
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REPORT No. 156. 

THE ALTITUDE EFFECT ON AIR SPEED INDICATORS—II. 

PART II. 

THE ALTITUDE CORRECTION. 

1. INTRODUCTION. 

Part II of this report is devoted to a discussion of the correction of air-speed indicator- 

readings for compressibility, density, and viscosity, to the determination of suitable empirical 

forms of the function 6 for Navy Zahm and Army Zahm Pitot-Venturi nozzles, 

and to the arrangement of the values of the density and viscosity corrections in a form suitable 

for use. 

Fig. 14.—Effect of.compressibility on Pitot tube pressures. 

2. THE COMPRESSIBILITY CORRECTION FOR PITOT NOZZLES. 

The effect of compressibility on Pitot tubes can be computed by methods indicated in 

Reports Nos. 2 (Pt. II) and 31 of the National Advisory Committee for Aeronautics. Figure 

14 shows the theoretical effect of compressibility on Pitot tubes. The curve is based on the 

data given by Zahm (Rept. No. 31). There is some uncertainty as to the accuracy of the 

theoretical results owing to approximations introduced in the treatment. The indicated speed 

is slightly too high, if, as is customary, equation (6a) is used as the basis of the calibration of 
the indicator. 

3. THE COMPRESSIBILITY CORRECTION FOR VENTURI NOZZLES. 

Ihe effect of compressibility upon the performance of Venturi tubes has not yet been 

determined, as the discussion in Part I of this report has shown. The uncertainties involved 

in the assumptions which are required for a theoretical analysis are so great that the result is 

607 
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mainly of academic interest. In the present state of our knowledge regarding this question, it 

is probably safe to assume that the effect of compressibility on the performance of the Venturi 

air-speed nozzles in common use is negligible over the ordinary range of flying speeds at the 

present time, but this conclusion should not be extended to include speeds greater than, say, 

200 miles per hour until it has been verified experimentally for such speeds. 

4. THE DENSITY CORRECTION FOR PITOT NOZZLES. 

Equations (3a) and (6) represent the relations connecting the true air speed with the 

reading of a Pitot type indicator. By eliminating p from these two equations we obtain 

v -or* Vi 
or v = -t=. 

Vr 
(15) 

to & b $ b & b ss> 

mm-Hg. 250 300 350 400 450 500 550 600 650 700 750 
inches-Hg./O 12 14 16 IQ 20 22 24 26 28 30 

Barometric pressure 

Fig. 15.—Correction factors for Pitot type air-speed indicators. Multiply indicated air speed by factor obtained from this chart. 

If it is considered preferable to use directly the barometric pressure and the temperature, 
equation (15) may be rewritten 

/B TV/2 
v=\wr) Vi (isa) 

/B0 T\1/2 . 
The factor J is represented graphically in Figure 15 which may be used in correcting 

the readings of air-speed indicators of the Pitot type for density. 

5. THE DENSITY CORRECTION FOR VENTURI NOZZLES. 

The density correction to air speeds measured by indicators of the Venturi type is expressed 

by equation (15) for the range of values of over which the Venturi obeys the pv2 law. In 

general, however, a viscosity correction must also be made. These two corrections are applied 

simultaneously by means of the method which is developed in this paper. 

6. VISCOSITY CORRECTION FOR VENTURI NOZZLES. 

It was shown in Part I, section 4, of this report that the solution of 

v=e(p-°, Dvip\ 
Vi \p PL J (9) 

for v furnished a method of correcting the readings of Venturi and Pitot-Venturi air-speed 
indicators for altitude. 
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Dvo v 
For sufficiently great values of —- the ratio — is unaffected by viscosity and equation (9) 

FT V\ 

must there take on the form of equation (15) 

• nr- 
But equation (9) can always be written 

(15) 

(9a) 

where \pi (jfj may be given any desired form. Consequently it may be specified arbitrarily that 

\j/{ shall be of the form given by equation. (15). Equation (9a) may now be written 

Hr (y (16) 

the subscript (2) being omitted since it is no longer needed. For sufficiently high values of 
DviP 

*(y ^ equal to 1. 

An empirical form of equation (16) will now be determined for the Zahm nozzles, Army 

and Navy types, tested in this investigation. 

v . Dv' p 
In Figure 16 are plotted values of — against for various values of p from Table YII for 

Navy Zahm tube serial No. 330 and from similar data plotted in Figure 9 for the other tubes. 

The points represent the experimental data. The form of ip best fitting the data 

obtained from the three Zahm Navy type nozzles was found to be 

[1 + 0-36 (?) 1/2 -0.00018 - Z e p ] 
where 

Dv i/ 

so that equation (16) assumes the form 

/ 2 p0 
—0.00018' Z 

e p ] (17) 

(Zahm, Navy type ) 

The form of equation (16) best fitting the data for the two Army Zahm tubes tested in this 

investigation was found to be 

‘2 [l + 0.41 (*yn e-°m“7 % z] (18) 

(Zalim, Army type.) 

The form of ^ fPo ^v'p\ is assumed the same for both the Army and Navy type tubes: 
\r M / 

the differences are taken care of by varying the constants. 

The full lines in Figure 16 represent equations (17) and (18) computed for the values of p 

for which the experimental data were obtained. It will be seen that the computed values 

trom the equations agree with the experimental values very well indeed. 

53006—23-40 

I 
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Figures 17a and 17b show the correction curves obtained by plotting equations (17) and 

(18), respectively. Curves were plotted for densities varying from 0.0004 to 0.0014 gram per 

cubic centimeter, which covers a sufficient range to include any observations which may be 

obtained in ordinary flying or in performance testing. It will be observed that the value of 

the term [°-36(p;T -0.00018 
J in equation (17 )or the corresponding term in equation 

(18) decreases very rapidly as Z increases and that when this term becomes negligible, equations 

(17) and (18) both reduce to equation (15) which is used to correct air-speed readings for density. 

This is illustrated graphically in Figures 17a and 17b by the curves becoming horizontal. If 

these horizontal portions of the curves were continued horizontallv until they cut the axis of 
'V 

they would represent the density correction as given by equation (15). The curvature is due 

to the viscosity correction. The curves corresponding to the lowest densities are continued to 

values of ^ corresponding to 11 = 200 miles per hour upon the assumption that United States 

standard air conditions exist. The other curves are horizontal beyond the limits of the plot, 

and so the values of the correction factor can be taken from the edge of the sheet. 

The correction curves in Figures 17a and 17b are suitable for performance testing where the 

necessaiy observations can be taken during flight and the true air speeds computed later in 
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the office. Owing to the work incidental to computing the value of 
DviP 

; 
M 

these curves are not 

suitable for use in the air. For such use and, in particular, use on dirigible airships, a special 

set of curves has been prepared in which constant values of B and T have been assumed. Any 

deviation from these conditions will cause an error in determining the true air speed, but by 

proper interpolation, this error can be kept much smaller than that incurred by ignoring the 
viscosity effect. 

These curves which are suitable for use on dirigible airships are illustrated in Figure 18. They 

are computed from equation (17) with United States standard air (Radau air) conditions assumed. 

(See Table IX.) That is, by assuming B and T, we can plot - against v,. In order to allow 

lor all possible variations of B, T, and v, it would be necessary to make use of four-dimensional 

space or to construct a family of surfaces in three-dimensional space, since there are four variables, 

'V 
B, T, Vi, and -• This is, of course, out of the question for use in the air where conservation of 

space and ease of use are so important. The scheme adopted was to plot families of curves for 

four values of t, +40°, +20°, 0° and -20° C, ^ being plotted against t*. The curves of any 

one family are plotted for suitable values of B covering the range of pressures which dirigible 

airships in their present state of development are likely to experience. The values of B assumed 

vary from 750 to 400 millimeters of mercury corresponding to isothermal altitudes of approxi¬ 

mately 350 feet and 17,000 feet, respectively. The range of vt was taken from 5 miles per hour 
to 100 miles per hour, which should be ample for present purposes. 

The correction curves shown in Figure 18 were computed from equation (17) for the Navy- 

type Zahm nozzles. These curves may be used, however, for both Army and Navy type tubes 

since the largest error thus introduced into the correction factor is not over 3 per cent. (This 

is at extremely low speeds.) The corrections for the Army tubes are slightly greater where 
viscosity is appreciable than are those given in Figure 18. 
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In order to use the correction curves shown in Figures 17a and 17b it is necessary to com¬ 

pute the value of ^l,P from the observed quantities B, and t. First the value of Vi should be 
/* 

corrected for purely instrumental errors, either from a calibration curve for the indicator used or, 

better still, from a flight-history test.19 The value of v{ as thus corrected is the one which should 

be used in the computation of 
DviP 

The value of p can be computed from equation 11 or can be 

obtained from Figure 19. The value of p can be obtained in C. G. S. units from equation (12), 

or from Table X. It should be remembered that D is assumed as 1 centimeter throughout this 

paper. 

When using Figures 17a and 17b the values of p, and p must be reduced to the centi¬ 

meter-gram-second system. In case it is desired to utilize the correction curves in Figures 17a 

Fig. 17b.—Correction curves for the altitude effect. 

and 17b using English units in place of metric, this can be accomplished by substituting in the 

variable lP, D = 0.0328 feet (the equivalent of 1 centimeter) in feet per second, p in pounds 
r1 

per cubic foot, and p in pounds per foot per second. 

Graphical methods can be developed easily for computing the values of but will not 
fl 7 

be attempted in this paper. 

7. ILLUSTRATIVE EXAMPLES. 

Two examples illustrating the use of the correction curves developed in this part of the 

report are given below. I he first is based on the data obtained in the flight test referred to 

in Part I of Report 110, page 19. The determination of the true air speed is made by the methods 

which would be used in the office. The second example involves purely hypothetical data and 

illustrates the quick but approximate methods of reduction which could be used in the air. 

Example I. 

flhe following data were obtained during a flight made at McCook Field on December 20, 
1919, by one of the authors. 

‘* A1fllght'hlstory test is one in which the factors of time, barometric pressure, and instrument temperature are made to repeat in the laboratory 
the conditions of the flight. 
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Air speed trom indicator using Army Zahm-type nozzle.m.p.h.. 58 

Altimeter reading.feet.. 14,900 

Air temperature.°C.. —11 
Indicated airspeed vt corrected from flight-history test20.m.p.h.. 58.8 
Altimeter reading, corrected from flight-history test,20.feet.. 14,690 
Barometric pressure corresponding to corrected altimeter reading (from Bureau of 

Standards altitude tables).mm. mercury.. 443.6 

r>i=58.8X44.7=2,630 centimeters per second. 
p=0.000785 gram per cubic centimeter, from Figure 19. 

M=0.0001675 gram per centimeter per second, from Table X. 

D=1 centimeter. 
Dv ,p 2630X0.000785 

u “ 0.0001675 
=12, 320. 

—=1.27, from Figure 17b. 
1’i 

v—1.27X58.8=74.7 m.p.h. true air speed. 

Fig. 18.—Correction curves for use in flight with Army and Navy Zahm Pitot-Venturi tubes. 

Example II. 

The following observations were made on a dirigible airship during flight: 

Indicated air speed (corrected for instrumental errors).m.p.h.. 15 
Altimeter reading...feet.. 1,500 

Air temperature..°C.. +10 
Barometric pressure corresponding to 1, 500 feet altitude from Bureau of Standards 

altitude tables.mm. mercury. .719 

^-=1.20, from Figure 18. 

• r=l.20X15=18 m.p.h. true air speed. 

so p or definition of flight-history test see footnote 19. 
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For purposes of comparison, the computation will be made, correcting for air density alone: 

J = 1.02, from Figure 15. 

v = 1.02 X 15 = 15.3 m. p. h. air speed, corrected for density only. 

The error thus involved by ignoring the viscosity correction is seen to be 2.7 miles per hour, 

or 15 per cent of the true air speed. 

8. CONCLUSIONS. 

From the results which have been reported in this paper, it is possible to draw certain 

general conclusions as to the measurement of air speed. 

It is obvious that it is of little benefit to use a double Venturi for the low-speed flight of 

lighter-than-air craft, since the increased efficiency of the tube at the ordinary flying speeds of 

mm -Hg. 250 300 350 400 450 500 550 600 650 700 750 
in ches -Hg. /0 !2 !4 /6 !8 20 22 24 26 28 30 

Barometric pressure 

Fig. 19.—Air densities corresponding to given pressures and temperatures. Densities in grams per cubic centimeter. 

heavier-than-air craft is largely lost at the lower speeds. For example, upon examining the 

performance curve for the Badin double Venturi (Figure 9i) it is found that, while the efficiency 

is approximately thirteen times that of a Pitot tube at an air speed of 65 miles per hour, at 5 

miles an hour it is only twice that of the Pitot. With the Zahm Pitot-Venturi the efficiencies at 

the same two air speeds are approximately 6.4 and 2.5, respectively. Consequently the change 

of efficiency is much more in the case of a double Venturi tube, although the differential pressure 

delivered by the Zahm tube is less than that delivered by the double Venturi at all except the 
very lowest speeds 

Owing to the fact that the use of a Venturi tube does not solve the problem of obtaining 

sufficiently high differential pressures at low speeds to make practicable the construction of an 

indicator which will measure these pressures, it seems advisable to adopt a different type of 

indicator for such conditions. The cup or vane anemometer and the pressure plate are the two 

types which suggest themselves as suitable for low-speed measurements. 

A cup anemometer air-speed indicator which is direct reading has been constructed at the 

Bureau of Standards and has met both laboratory and flight tests satisfactorily. This instru¬ 

ment when tested in the low-pressure wind tunnel at reduced pressures, showed less than 5 per 

cent altitude effect up to an altitude of 30,000 feet. Consequently the performance of this 

indicator is nearly independent of density. Furthermore^ since the calibration curve of the 
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instrument was practically a straight line over its entire range (10 to 90 miles per hour), it has 

very nearly a uniform scale. . , , , . , 
A pressure plate air-speed indicator might be designed to function accurately at low speeds, 

but it would certainly be subject to the density effect as expressed by equation (3a) and might 
be affected by viscosity or by some other change in the nature of the air flow at low speeds. 

The Venturi or the Pitot-Venturi tube will continue to have advantages for use on heavier- 
than-air craft, since its construction and installation are simple and the differential pressure is 

so great that the indicators can be easily manufactured. 
The correction curves, Figures 17a, 17b, and 18, given in this paper can be relied on for use 

with the Zahm tubes, provided the latter are not damaged. 
The construction of similar correction curves for the Toussaint-Lepere tubes would not be jus¬ 

tified, since these tubes are not subject to rigid construction specifications. While a set of curves 
representing the corrections for an average Toussaint-Lepere nozzle would probably give results 
which were more accurate than if the viscosity correction was entirely ignored, there would be 
so much uncertainty involved, owing to lack of information as to the calibration curve for the 
particular instrument, that the slight increase in accuracy hardly justifies the difficulty with 

which it is attained. 
The authors wish to express their appreciation of the assistance of Mr. C. T. Buckingham 

and Mr. I). E. Merris of the Aeronautic Instruments Section of the Bureau of Standards in con¬ 
ducting the low-pressure wind-tunnel tests and in carrying out the laborious computations in¬ 
volved in this report. Mr. G. H. Keulegan also gave valuable assistance in determining the 

form of the unknown function, 

TABLE IX.— U. S. Standard Air. 

Altitude 
1,000 feet. 

Pressure 
(mm. Hg.). 

Temperature 
(°C.). 

Density 
/grams\ 
V cm.3 /. 

0 760.0 15.0 0.001225 
1 733.0 12.2 .001191 
2 706.9 10.7 .001156 
3 681.2 8.7 .001122 
4 656.6 6.7 .001089 
5 632.7 4.8 .001057 
6 609.3 2.9 .001025 
7 586.7 + 1.1 . 000993 
8 546.9 - 0.6 . 000963 
9 543.8 - 2.3 .000932 

10 523.2 - 3.9 . 000903 
11 503.4 - 5.5 . 000873 
12 484.4 - 7.0 . 000845 
13 465.8 - 8.5 .000817 
14 447.8 -10.0 . 000790 
15 430.5 —11.3 .000764 
16 414.0 -12.7 . 000739 
17 397.8 -14.0 . 000713 
18 382.3 -15.2 .000688 
19 367.5 -16.4 . 000665 

20 353.1 -17.5 . 000640 
21 339.1 -18.7 . 000619 
22 325.6 -19.7 . 000597 
23 312.9 -20.8 . 000576 
24 300.5 -21.8 .000555 
25 288.5 -22.7 .000535 
26 277.1 -23.6 . 000516 
27 265.9 -24.5 . 000497 
28 255.3 -25.4 . 000479 
29 245.1 -26.2 . 000461 
30 235.2 -27.0 . 000443 
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TABLE X.—Air Viscosities by Sutherland's Formula. 

Temperature 
(°C.). 

Values'ofair 
viscosity 

(gms./cm.sec.). 

Temperature 
(°C.). 

Values of air 
viscosity 

(gms./cm.sec.). 

-40 0.0001520 + 5 0.0001758 
-35 .0001548 + 10 .0001783 
-30 .0001575 + 15 . 0001808 
-25 .0001602 + 20 .0001833 
-20 . 0001630 +25 .0001858 
-15 . 0001656 + 30 .0001882 
-10 . 0001682 +35 .0001907 
- 5 .0001708 +40 .0001930 

0 . 0001733 
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INTRODUCTION. 

The Nomenclature for Aeronautics presented in this Report No. 157 is a revision of the 
last previous report (No. 91), published in April, 1920. 

This Nomenclature for Aeronautics was prepared by a special conference on aeronautical 
nomenclature, composed of representatives of the Army and Navy Air Services, the Air Mail 
Service, the Bureau of Standards, the National Advisory Committee for Aeronautics, and 
private life. This conference was authorized by resolution of the executive committee of the 
National Advisory Committee for Aeronautics at a meeting held on January 26, 1922, at which 
meeting Dr. Joseph S. Ames was appointed chairman of the conference. The National Advisory 
Committee for Aeronautics officially invited the Chief of the Army Air Service, the Chief of the 
Bureau of Aeronautics of the Navy Department, the Director of the Bureau of Standards, the 
Second Assistant Postmaster General, the Society of Automotive Engineers, the American 
Society of Mechanical Engineers, and the Aeronautical Chamber of Commerce to designate 
representatives to serve on the conference on aeronautical nomenclature. 

Members of the conference were engaged in the preparation of this report all through the 
spring and summer. On recommendation of the subcommittee on aerodynamics, the report 
was officially approved by the executive committee of the National Advisory Committee for 
Aeronautics on August 31, 1922. 

This report supersedes all previous publications of the committee on this subject. It is 
published with the intention of securing greater uniformity and accuracy in official documents 
of the Government, and, as far as possible, in technical and other commercial publications. 

The special conference on aeronautical nomenclature was organized as follows: 

SPECIAL CONFERENCE ON AERONAUTICAL NOMENCLATURE. 

Dr. Joseph S. Ames, Chairman. 

National Advisory Committee for Aeronautics: 

Prof. Charles F. Marvin. 

Prof. Edward P. Warner. 

Mr. F. H. Norton. 

Air Service of the Army: 

Maj. Percy E. Van Nostrand, United States Army. 

Maj. H. M. Hickam, United States Army. 

Lieut. C. N. Monteith, United States Army. 

Bureau of Aeronautics, Navy: 

Commander J. C. Hunsaker, United States Navy. 
Dr. A. F. Zahm. 

Lieut. W. S. Diehl, United States Navy. 

Mr. Starr Truscott. 

Air Mail Service: 

Mr. C. I. Stanton. 

Bureau of Standards: 

Dr. L. J. Briggs. 

Dr. H. L. Dryden. 

Society of Automotive Engineers: 

Mr. V. E. Clark. 

Aeronautical Chamber of Commerce: 

Mr. Grover C. Loening. 
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REPORT No. 157. 

NOMENCLATURE FOR AERONAUTICS. 

By the National Advisory Committee for Aeronautics. 

PART I. 

ALPHABETICAL NOMENCLATURE. 

AERODYNAMICS.—The branch of dynamics which treats of the motion of air and other 
gaseous fluids, and of the forces on solids in motion relative to such fluids. 

AEROFOIL.—(See Airfoil.) 
AERONAUTICS.—The science and art of self-sustained flight in air. 
AEROSTAT.—An aircraft whose support is chiefly due to buoyancy, its interior being occupied 

in the main by one or more bags or cells filled with a gas lighter than the surrounding 
air. Same as lighter-than-aircraft. 

AEROSTATICS.—The science that treats of the equilibrium of gaseous fluids and of solid 
bodies immersed in them. 

As an aeronautic term it relates to those properties of lighter-than-aircraft which are 
. due to the buoyancy of the air. 

AEROSTATION.—The art of operating lighter-than-aircraft. 
AILERON.—-A hinged or pivoted movable auxiliary surface of an airplane, usually part of the 

trailing edge of a wing, the primary function of which is to impress a rolling moment 
on the airplane. (Fig. 1.) 

AILERON ANGLE.—(See Angle, aileron.) 
AIR DUCT.—The duct which joins the vertical to the lateral lobes of a kite balloon; also 

supplies air to the ballonet blower of a semirigid airship. (Figs. 2 and 5.) 
AIR ROUTE.—An aerial highway between two traffic centers, or leading from a traffic center 

into an airway. 

AIR SCOOP.—A projecting scoop, which uses the wind or slip stream to maintain air pressure 
in the interior of the ballonet of an aerostat. (Figs. 2, 3, and 12.) 

A similar device is sometimes used on airships to produce ventilation. (Fig. 4.) 
AIRCRAFT.—Any man-carrying device or structure designed to be supported by the air, 

making use either of buoyancy or of the dynamic action of the air. 
AIRFOIL.—A winglike structure, flat or curved, e. g., a fin, wing, aileron, rudder, etc. Its 

function is to cause forces to be exerted perpendicular to its surfaces by the dynamical 
action of the air through which it moves. 

The words “control surface,” “lifting surface,” and “stabilizing surface” are often 
used to indicate an airfoil used for a specific purpose. 

AIRFOIL SECTION (OR PROFILE).—A cross-section of an airfoil made by a plane 
perpendicular to its lateral axis. 

Any definite airfoil, even when considered by itself, as in a wind-tunnel experiment, is 
always designed with reference to a definite position in an aircraft; certain airfoils are 
to be used horizontally, e. g., wings, ailerons, stabilizer, others vertically, e. g., rudders, 
fins. In the former case, the section (or profile) is the cross-section-made by the plane of 
symmetry of the aircraft; in the latter, by a horizontal plane. 
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AIRPLANE.—A mechanically driven aircraft heavier than air, fitted with fixed wings, and 

supported by the dynamical action of the air. 

AIRPORT.—The terminal of an airway. It provides a tract of land or water so that aircraft 

may alight with safety, and also offers facilities for operation, such as hangars, shops, 

supply depots, etc. 

AIRSHIP.—An aerostat provided with a propelling system and with means of controlling the 

direction of motion. If its power plant is not operating, it acts like a balloon. 

Nonrigid.—An airship whose form is maintained by the internal pressure in the gas 

bags and ballonets. (Fig. 3.) 

Rigid.—An airship whose form is maintained by a rigid structure. (Fig. 4.) 

Semirigid.—An airship whose form is maintained by means of a rigid or jointed keel 

in combination with internal pressure in the gas containers and ballonets. (Fig. 5.) 

AIRSPEED.—The speed of an aircraft relative to the air. Its symbol is V. 

AIRSPEED INDICATOR.—An instrument for indicating the speed of aircraft relative to 

the air. 

True Airspeed Indicator.—An instrument, usually working on the principle of the 

Biram or Robinson anemometers, which gives the true airspeed provided the slip of the 

anemometer is negligible. 

Apparent Airspeed Indicator.—An instrument, usually dependent on the impact pres¬ 

sure of the airstream, whose readings, therefore, vary both with the true airspeed and 

with the density of the air. 

AIRWAY.—-An aerial highway, developed by the provision of landing fields, radio stations, etc., 

for transportation between three or more traffic centers or extending across a large 

geographical area. 

ALTIGRAPH.—An instrument, usually the same in principle as an aneroid barometer which 

makes on a chart a permanent record of the altitude. The chart is usually graduated in 

feet or meters in accordance with some empirical pressure altitude formula. 

ALTIMETER.—An aneroid barometer whose dial is marked to indicate altitude. 

AMPHIBIAN.—An airplane designed to rise from and alight on either land or water. 

ANEMOMETER.—An instrument for measuring directly or indirectly the velocity of the 

wind. 

ANGLE, AILERON.—The acute angle between the aileron and the wing. It is positive 

when the trailing edge is pulled down. 

ANGLE, CRITICAL.—An angle of attack at which the flow about an airfoil changes ab¬ 

ruptly, with corresponding abrupt changes in the lift and drag. 

ANGLE, DIHEDRAL.—The acute angle between the wing and the lateral axis of the airplane 

projected on a plane perpendicular to the longitudinal axis of the airplane. In certain 

types of wings it is necessary to specify whether the upper or the lower surface is taken, 

and a special definition would be required for a warped wing. If the inclination of the 

wing is upward, the angle is said to be positive; if downward, negative. (Fig. 1.) The 

several main supporting surfaces of an airplane may have different amounts of dihedral. 

The dihedral angle has the symbol y. 

ANGLE, DOWNWASH.—The angle through which an air stream is deflected by any lifting 

surface of an airplane. It is measured in a plane parallel to the plane of symmetry, and 
is denoted by the symbol e. 

ANGLE, DRIFT.—The angular deviation of an aircraft from a set course. 

ANGLE, EFFECTIVE HELIX.—The angle whose tangent is the ratio of the velocity of flight 

to the product of the three quantities: 2w, r, the distance from the axis to the point in 

question, and n, the number of revolutions per second; i. e., 
4”tan_i GD- 
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ANGLE, ELEVATOR.—The acute angle between the elevator and the stabilizer. It is positive 

when the trailing edge is pulled down. 

ANGLE, GLIDING.—The acute angle between the horizontal and the path along which an 

airplane in ordinary flying attitude descends in still air when the propeller is giving no 

thrust. 

ANGLE, LANDING.—The acute angle between the upper wing chord of an airplane and the 

horizontal when it is resting on the ground in its normal position. (Also called “ Ground 

Angle.”) (Fig. 1.) 

ANGLE, RUDDER.—The acute angle between the rudder and the plane of symmetry of the 

aircraft. It is positive when the trailing edge moves to the left with reference to the 

normal position of the pilot. 

ANGLE, ZERO LIFT.—The angle of attack of an airfoil when the lift is zero. 

ANGLE OF ATTACK.—The acute angle between the chord of an airfoil and its direction of 

motion relative to the air. (This definition may be extended to other bodies than air¬ 

foils.) Its symbol is a. 

ANGLE OF INCIDENCE OF WING.—-(See Angle of wing setting.) 

ANGLE OF PITCH.—The acute angle between two planes defined as follows: One plane includes 

the lateral axis of the aircraft and the direction of the relative wind; the other plane 

includes the lateral axis and the longitudinal axis. (In normal flight the angle of pitch 

is, then, the angle between the longitudinal axis and the direction of the relative wind.) 

This angle is denoted by 0, and is positive when the nose of the aircraft rises. 

ANGLE OF PROPELLER BLADE.—The acute angle between the chord of a propeller section 

and a plane perpendicular to the axis of rotation of the propeller. (Usually “Blade 

angle.”) 

ANGLE OF ROLL, or ANGLE OF BANK.—The acute angle through which an aircraft must 

be rotated about its longitudinal axis in order to bring its lateral axis into a horizontal 

plane. This angle is denoted by <h, and is positive when the left wing is higher than the 

right. 

ANGLE OF STABILIZER SETTING.—The acute angle between the chord of the lower wings 

of an airplane and the chord of the stabilizer. This angle is denoted by the symbol (3 and 

is positive when the stabilizer has a greater angle of incidence than the wing. (Also 

called “Longitudinal dihedral” or “Longitudinal V.”) (Fig. 1.) 

ANGLE OF WING SETTING.—The acute angle between the plane of the wing chords and the 

propeller axis. Its symbol is iw. (Also called “Angle of incidence of wing.”) 

ANGLE OF YAW.—The acute angle between the direction of the relative wind and the plane 

of symmetry of an aircraft. This angle is denoted by Str, and is positive when the aircraft 

turns to the right. 

ANTIDRAG WIRES.—(See Wires, antidrag.) 

ANTILIFT WIRES.—(See Wires, antilift.) 

APPENDIX.—The tube at the bottom of a balloon, used for inflation and deflation. In the 

case of a spherical balloon it also serves to increase the “head” of gas, and so to build 

up an internal pressure sufficient to keep the envelope from being pulled out of shape 

by the weight of the basket. (Fig. 11.) 

APPENDIX MANHOLE.—An appendix in the kite balloon of large diameter and usually 

rather short. It is used more for access than for inflation or deflation. (Fig. 2.) 

APRON.—An open working surface, with a firm floor, in front of a hangar for the storage or 

handling of airplanes. 

ASPECT RATIO.—The ratio of span to mean chord of an airfoil; i. e., the ratio of the square 

of the span to the area of an airfoil. 

ASPECT RATIO OF PROPELLER BLADE.—The ratio of propeller radius to maximum 

blade width. 



624 REPORT NATIONAL ADVISORY COMMITTEE EOR AERONAUTICS. 

ATTITUDE.—The position of an aircraft as determined by the inclination of its axes to some 
frame of reference. If not otherwise specified, this frame of reference is fixed to the 
earth and the attitude depends entirely on the position of the aircraft as seen by an 
observer on the ground. 

AUTOMATIC VALVE.—(See Valve, automatic.). 
AVIATION.—The art of operating heavier-tlian-air craft. 
AXES OF AN AIRCRAFT.—Three fixed lines of reference, usually centroidal and mutually 

perpendicular. (Part III.) The principal longitudinal axis in the plane of symmetry, 
usually parallel to the axis of the propeller, is called the longitudinal axis; the axis 
perpendicular to this in the plane of symmetry is called the normal axis; and the third 
axis perpendicular to the other two, is called the lateral axis. In mathematical dis¬ 
cussions the first of these axes, drawn from front to rear, is called the X axis; the 
second, drawn upward, the Z axis; and the third, running from right to left, the Y axis. 

BALANCED SURFACE.—A control surface which extends on both sides of the axis of the 
hinge or pivot in such a manner as to reduce the moment of the air forces about the 

hinge. (Figs. 1, 3, 4, and 5.) 
BALLAST.—Any substance, usually sand or water, taken in a balloon or airship and intended 

to be thrown out, if necessary, for the purpose of reducing the load carried, and thus 
altering the aerostatic relations. (Figs. 4 and 5.) 

BALLONET.—A chamber constructed of fabric within the interior of a balloon or airship for 
the purpose of controlling the ascent or descent by altering the aerostatic relations and 
for maintaining the pressure of the gas in the envelope so as to prevent deformation. 
The ballonet is kept inflated with air at the required pressure, under the control of valves, 
by a blower or by the action of the wind caught in an air scoop. (Figs. 2, 3, and 5.) 

BALLONET DIAPHRAGM.—The fabric partition between the gas and air compartments of 
the envelope of a nonrigid or semirigid airship or kite balloon. 

BALLOON.—An aerostat the form of which is maintained by the pressure of a contained gas 
lighter than the surrounding air, and which has neither power plant nor means of con¬ 
trolling the direction of flight in a horizontal plane. 

Barrage.*—A small captive balloon, used to support wires or nets which are intended as 
a protection against attacks by airplanes. 

Captive.—A balloon restrained from free flight by means of a cable attaching it to the 
earth. 

Free.—A balloon, usually spherical, whose ascent and descent may be controlled by use 

of ballast or with a loss of the contained gas, and whose direction of flight is determined 

by the wind. (Fig. 11.) 

Kite.—An elongated form of captive balloon, fitted with lobes to keep it headed into 
the wind, and usually deriving increased lift due to its axis being inclined to the wind. 
(Fig. 2.) 

Nurse *—A small balloon made of heavy fabric, employed as a portable means for storing 

gas. 

Pilot.*—A small balloon sent up to show the direction and speed of the wind. 

Sounding.*—A small balloon sent up without passengers but with recording meteorological 
instruments. 

BALLOON BED.—A mooring place on the ground for a captive balloon. 
BALLOON FABRIC.—(See Fabric, balloon.) 
BANK.—To incline an airplane laterally, i. e., to rotate it about its longitudinal axis. Right 

bank is to incline the airplane with the right wing down. 
Also used as a noun to describe the position of an airplane when its lateral axis is 

inclined to the horizontal. 
BANK, ANGLE OF.—(See Angle of roll.) 

* Those forms of balloons marked with an asterisk (*) are not, strictly speaking, aircraft. 
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BAROGRAPH.—An instrument usually the same in principle as an aneroid barometer which 

makes on a chart a permanent record of the variations of barometric pressure. 
BARRAGE BALLOON.—(See Balloon.) 

BARREL ROLL.—A maneuver in which a complete revolution about the longitudinal axis 

is made, the horizontal direction of flight being approximately maintained. 

BARREL TYPE ENGINE.—(See Engine, barrel type.) 

BASKET.—The car suspended beneath a balloon, for carrying passengers, ballast, etc., (Figs. 

2 and 11.) 

BATONET.—A small cylindrical piece of wood, or other material by means of which the rigging 

of a balloon or airship is attached to a fabric loop on the envelope. (A special form of 

toggle.) 

BAY (BODY PARTS).—The cubical or prismoidal section of a trussing included between 
two adjacent bulkheads. 

BAY (WING PARTS).—The cubical or prismoidal section of a trussing included between 

two transversely adjacent sets of struts or bulkheads. The first bay of the wing trussing 

of an airplane is the one adjacent to the plane of symmetry. 

BIPLANE.—An airplane with two main supporting surfaces placed one above another. 

(Fig. 1.) 

BIROTARY ENGINE.—(See Engine, birotary.) 

BLADE BACK.—The cambered side of a propeller blade, corresponding to the upper surface 

of an airfoil. 

BLADE FACE.—The surface of a propeller blade which corresponds to the lower surface of 

an airfoil. (Sometimes called “Thrust face.”) 

BLADE WIDTH RATIO.—The ratio of the developed width of a propeller blade at any point 

to the circumference of the circle whose radius is the distance of that point from the 

propeller axis. 

BOAT SEAPLANE.—(See Seaplane.) 

BODY.—The fuselage or hull (including cowling and covering) or nacelle (including cowling 

and covering) and nacelle mounting. (Figs. 1, 4, and 9.) 

BONNET.—The appliance, having the form of a hood or parasol, which protects the valve of 

an airship or balloon against rain. (Also called “Valve cover.”) (Figs. 2, 4, and 5.) 

BOW CAP.—A cap of metal or fabric used to reinforce the extreme forward ends of the bow 

stiffeners. Also called nose cap. (Figs. 3, 4, and 5). 

BOW STIFFENERS.—Rigid members attached to the bow of a nonrigid or semirigid envelope 

to reinforce it against the pressure caused by the motion of the airship. Often called 

nose stiffeners or nose battens. (Figs. 3 and 5.) 

BRIDLE.—A sling of cordage which has its ends attached to the suspension band of a captive 

balloon or airship, or to intermediate points of preceding bridles, and itself supporting 

from an intermediate point the end of another bridle or a suspension rope. 

BULKHEAD.—A transverse structural member of a fuselage or nacelle, continuous around a 

periphery. 

BUOYANCY: " 

Center of.—The center of gravity of the air displaced by a balloon or airship. (It is ap¬ 

proximately the center of gravity of the contained gas.) 

Gross.—The total upward force on an aerostat at rest; the total volume multiplied by the 

difference of weight density of the air and the contained gas. 

There is said to be a condition of positive buoyancy if the gross buoyancy of an aerostat 

is greater than its weight; but, if the gross buoyancy is less than the weight, the condi¬ 

tion is described as one of negative buoyancy. 

CABANE.—A pyramidal or prismoidal framework for supporting the wings at the fuselage. 

Also applied to the system of trussing used to support overhang in a wing. (Figs. 6, 9, 

and 10.) 
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CAMBER.—The convexity or rise of the curve of an airfoil section from its chord, usually 

expressed as the ra,tio of the maximum departure of the curve from the chord to the 

length of the chord. “Top camber” refers to the upper surface of an airfoil and “bottom 

camber” to the lower surface; “mean camber” is the mean of these two; in the case of 

airfoils having both surfaces convex outward; e. g., portions of a propeller blade, top 

camber is the maximum distance of the upper surface from the chord, bottom camber 

is the maximum distance of the lower surface from the chord, camber ratio is the ratio 

of the maximum thickness of the airfoil to the length of the chord. 

CAMBER RATIO, PROPELLER.—(See Propeller camber ratio.) 

CAPACITY.—The volume, under specified conditions, of the gas containing portion of an aero¬ 

stat. For balloons and nonrigid airships this is the volume of the envelope completely 

inflated to normal pressure, with air ballonets empty; for rigid airships, it is the nominal 

volume of the gas cells at a standard degree of inflation, usually 95 per cent. 

CAPTIVE BALLOON.—{See Balloon.) 

CAR.—That part of the structure of an airship arranged for carrying personnel, cargo, equip¬ 

ment, or power unit. (Figs. 3, 4, and 5.) 

CEILING: 

Absolute.—The maximum height above sea level which a given airplane could reach 

theoretically, assuming standard air conditions. 

Service.—The height above sea level, assuming standard air conditions, at which a given 

airplane ceases to be able to rise at a rate higher than a small specified one (100 feet per 

minute in the United States and England). This specified rate may be different in differ¬ 

ent countries. 

CEILING, STATIC.—The altitude to which an airship will rise statically after removal of all 

dischargeable weights. 

CELL.—The entire structure of the wings and wing trussing on one side of the fuselage of an 

airplane, or between fuselages or nacelles, where there are more than one; i. e., two or 
more bays. 

CENTER OF PRESSURE COEFFICIENT.—The ratio of the distance of the center of 

pressure from the leading edge to the chord length. Its symbol is Cp. 

CENTER OF PRESSURE OF AN AIRFOIL SECTION.—The point in the chord of an 

airfoil section, prolonged if necessary, which is the intersection of the chord and the 

line of action of the resultant air force. Its abbreviation is C. P. 

CHORD (OF AN AIRFOIL SECTION).—The line of a straight edge brought into contact 

with the lower surface of the section at two points; in the case of an airfoil having 

double convex camber, the straight line joining the leading and trailing edges. (These 

edges may be defined, for this purpose, as the two points in the section which are farthest 

apart.) (Fig. 1.) The line joining the leading and trailing edges should be used also 

in those cases in which the lower surface is convex except for a short flat portion. 

The method used for determining the chord should always be explicitly stated for 

for those sections with regard to which ambiguity seems likely to arise. 

Chord Length.—The length of the projection of the airfoil section on its chord. Its 
symbol is c. 

CHORD, MEAN, OF A COMBINATION OF WINGS.—The ratio 

-|- C2S2 T Cg$3 -|-. 
4” $2 + S3 +. 

where cv c2, c3, etc., are the mean chords of the various wings, and Slt S2, S3, etc., are 
their areas. 

CHORD, MEAN, OF A WING.—The quotient obtained by dividing the wing area by the 

extreme dimension of the wing projection at right angles to the chord. 

CHORD WIRES.—Wires joining the vertices of the polygonal frame of the main transverse 
of the rigid airship. (Fig. 4.) 
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CLIMB, RATE OF.—(See Rate of climb.) 

COCKPIT.—The open spaces in which the pilot and passengers are accommodated. (Fig. 1.) 

When the cockpit is completely housed in it is called a cabin. 
CONCENTRATION RING (LOAD RING): 

Airship.—A ring to which several rigging lines are brought from the envelope and from 

which one or more lines also lead to the car. 

Free balloon.—A ring to which are attached the ropes suspending the basket and to 
which the net is also secured! (Fig. 11.) 

CONSUMPTION PER B. IP. HOUR.—The quantity of fuel or oil consumed per hour by 

an engine divided by the uncorrected brake horsepower developed, unless specifically 
stated otherwise. 

CONTROL COLUMN, OR \OKE.—A control lever with a rotatable wheel mounted at its 

upper end. (See Control stick.) Pitching is controlled by fore-and-aft movement of 

the column; rolling, by rotation of the wheel. “Wheel (or Dep) control'’ is that type 

of control in which such a column or yoke is used. 

CONTROL STICK..—The vertical lever by means of which the longitudinal and lateral con¬ 

trols of an airplane are operated. Pitching is controlled by a fore-and-aft movement of 

the stick, rolling by a side-to-side movement. “Stick control” is that type of control 
in which such a stick is used. (Fig. 1.) 

CONTROL SURFACE.—A movable surface designed to be rotated or otherwise moved by the 

pilot in order to change the attitude of the airplane or airship. 

CONTROLS.—A general term applying to the means provided to enable the pilot to control 

the speed, direction of flight, attitude, and power of an aircraft. 

CONTROLLABILITY.—The quality in an airplane which makes it possible for the pilot to 

change its attitude easily and with the exertion of little force. 

CORD GROMMET.—A small ring of cord. 

CORD NETTING.—(See Net.) 

COWLING.—A removable covering which extends over or around the engine, and sometimes 

over a portion of the fuselage or nacelle as well. (Fig. 1.) 

CRITICAL ANGLE.—(See Angle, critical.) 

CRITICAL SPEED.—(See Speed, critical.) 

CROSS-COUNTRY FLIGHT.—A flight starting at one landing field and terminating at another 

not within gliding distance of the former. 

CROSS-WIND FORCE.—The component perpendicular to the lift and to the drag of the total 

air force on an aircraft or airfoil. Its symbol is C; and its absolute coefficient Cc is 

defined by 
G_ 

<lS 
Cc = 

CROW’S-FOOT.—A system of diverging short ropes for distributing the pull of a single rope. 

D RING.—A ring having, as the name implies, the shape of a capital D, to which rope suspen¬ 

sions are attached. 

DAMPED HARMONIC MOTION.—Motion defined by the differential equation 

adt2 +hdt + c s~0’ 
in which 

a is the mass (or moment of inertia), 

s is the displacement, 

b is the coefficient of damping force (or moment), 

c is the coefficient of force (or moment) of restitution. 

The ratio ^ is called the damping coefficient. 
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The solution of the equation is 

in which 

X 

s = Ae~n sin pt, 

A is the amplitude at the instant from which time (t) is counted. 

DAMPING FACTOR.—The term e~xt in the equation of damped harmonic motion 

s = Me~xt sin pt. 
DANGER CONES.—Pendents on the wire cable of a captive balloon, usually hollow cones 

of light cloth, to warn aircraft of its presence. 

DEAD LOAD.—{See Load.) 
DECALAGE.—The acute angle between the wing-chords of a biplane or multiplane. (Fig. 1.) 

DEFLATION.—The act of removing gas from an aerostat. 

DEFLATION SLEEVE.—A sleeve or appendix fitted on the lower lobe of a kite balloon and 

used to permit the rapid escape of the air in the lobes when the balloon is hauled down. 

(Fig. 2.) 

DEP CONTROL.—(See Control column.) 

DIHEDRAL ANGLE.—{See Angle, dihedral.) (Fig. 1.) 

DISCHARGEABLE WEIGHT.—The excess of the gross buoyancy of an aerostat over the 

sum of the dead load and the weight of the crew and such items of equipment as are 

essential to enable an airship to fly and land safely. 

DIVE.—A steep glide or flight. 

DIVERGENCE.—A motion in which, after a disturbance, the body departs continuously, 

without oscillations, from its original state of motion. 

DOPE, AIRPLANE.—The liquid material applied to the cloth surface of airplane members 

to increase strength, to produce tautness, and to act as a filler which maintains air¬ 

tightness. 

DOPE, AIRSHIP.—The liquid material applied to airship fabric to increase gas-tightness. 

In contrast with airplane dope, it does not cause shrinking. 

DOWNWASH ANGLE.—[See Angle, downwash.) 

DRAG.—The component parallel to the relative wind of the total air force on an aircraft or 

airfoil. Its symbol is D. 

The “Absolute drag coefficient” is CD as defined by the equation CD = in which D is 

the drag, g is the impact pressure ^ = ^pF2^ and S is the effective area of the surface upon 

which the air force acts. 

In the case of an airplane, that part of the drag due to the wings is called “wing drag”; 

that due to the rest of the airplane is called “structural drag” or “parasite resistance.” 

Drag, Induced.—That portion of the drag which would be experienced in a nonviscous 

fluid. 

DRAG ROPE.—A long rope attached by one end to a toggle in the concentration ring of a free 

balloon, and which can be hung overboard so as to act as a brake and a variable ballast 

in making a landing. On airships a similar rope is used as a grab or mooring line by 

the landing party, and is sometimes called the grab line. Same as Trail rope. 

(Figs. 2, 3, 4, and 5.) 

DRAG STRUT.—A fore-and-aft compression member of the internal bracing system of a wing. 
(Figs. 1 and 15.) 

DRAG WIRES.—{See Wires, drag.) 

DRIFT.—The lateral velocity of an aircraft, due to air currents or other causes. 
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DRIFT ANGLE.—(See Angle, drift.) 

DRIFT METER.—An instrument for the measurement of the angular deviation of an aircraft 

from a set course. 

DRIP BAND.—A strip of fabric attached by one edge to the envelope of an aerostat so that 

rain runs off its free edge instead of dripping into the basket or car. The drip band also 

assists in keeping the suspension ropes dry and nonconducting. 

DRY WEIGHT (ENGINE).—-The weight of an engine including carburetors, propeller hub 

assembly, and ignition system complete, but excluding exhaust manifolds, oil, and 

water. 
DYNAMIC FACTOR.—The ratio between the load carried by any part of an aircraft when 

accelerating or when otherwise subjected to abnormal conditions and the load carried 

in normal flight, the conditions of such loadings being specified. 

DYNAMIC LOAD.—Any load due to accelerations of an aircraft, and therefore proportional 

to its mass. 
DYNAMIC (OR IMPACT) PRESSURE.—The product 1/2 p V2 where p is the density of the air 

and V is the relative speed of the air. It is the quantity measured by most airspeed 

instruments. Its symbol is q. 

EFFECTIVE HELIX ANGLE.—(Nee Angle, effective helix.) 

ELEVATOR.—A movable auxiliary surface, usually hinged to the stabilizer, the function of 

which is to impress a pitching moment on the aircraft. (Figs. 1, 3, 4, and 5.) 

ELEVATOR ANGLE.—(See Angle, elevator.) 

EMPENNAGE.—(See Tail group.) 
ENDURANCE.—The maximum length of time an aircraft can remain in the air at a given 

speed at a stated altitude. Full speed and sea level are implied, when the word is used 

without specifications. 
ENGINE, BARREL-TYPE.—An engine having its cylinders arranged equidistant from and 

parallel to the main shaft. 
ENGINE, BIROTARY.—An engine having its, cylinders arranged in any manner around the 

crank-shaft, as in a radial or barrel-type engine, the cylinder unit and the crank-shaft 

unit rotating in opposite directions. 
ENGINE, FAN-TYPE.—An engine having its cylinders arranged in a radial direction but 

occupying less than the full circle. 
ENGINE, LEFT-HAND.—An engine having a propeller shaft which, to an observer facing 

the propeller hub, rotates in a clockwise direction. 
ENGINE, RADIAL.—An engine having stationary cylinders arranged radially around a 

common crank-shaft. 
ENGINE, RIGHT-HAND—An engine having a propeller shaft which, to an observer facing 

the propeller hub, rotates in a counter-clockwise direction. 

ENGINE, ROTARY.—An engine having its cylinders arranged in any manner around the 

crank-shaft as in a barrel or radial engine, the cylinder units revolving around the 

crank-shaft, which is stationary. 
ENGINE, SUPERCHARGED.—An engine with equipment which enables a greater weight 

of charge to be furnished than would normally be induced. 
ENGINE, VARIABLE COMPRESSION.—An engine provided with mechanical means for 

varying the volume of the compression space. 

ENTERING EDGE.—{See Leading edge.) 
ENVELOPE.—The outside gas-containing fabric of a nonrigid or semirigid airship or balloon. 

It may be divided by diaphragms into separate gas compartments or cells, and may 

also contain internal air cells or ballonets. (Figs. 3, 5, and 11.) 
FABRIC, BALLOON.—The finished material, usually rubberized, of which balloon or airship 

envelopes are made. 
Biased.—Plied fabric in which the threads of the plies are at an angle to each other. 

Parallel.—Plied fabric in which the threads of the plies are parallel to each other. 
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FACTOR, DYNAMIC.—(See Dynamic factor.) 

FACTOR OF SAFETY.—(See Safety, factor of.) 

FAIRING.—An auxiliary member or structure whose primary function is to reduce head 

resistance or drag of the part to which it is fitted, and which does not in general bear 

any stress. 

FAN-TYPE ENGINE.—(See Engine, fan-type.) 

FIELD HANDLING FRAME.—A portable frame, usually made of tubing and braced with 

wires, which is attached to the rigid airship when it is on the ground, and is intended to 

afford a grasp to more men than could get on the handling rails of the cars. These 

frames are rarely carried when in flight. (Fig. 4.) 

FILLING SLEEVE.—0See Inflation sleeve.) 

FINS.—Small fixed surfaces, attached to different parts of aircraft, parallel to the longitudinal 

axis, in order to secure stability; for example, tail fins, skid fins, etc. Fins are in the 

great majority of cases substantially vertical, and are sometimes adjustable. (Figs. 1, 

3, 4, 5, 6, 9, 10 and 14.) 

FIRE WALL.—A fire-resistant transverse bulkhead, so set as to isolate the engine compart¬ 

ment from the other parts of the structure, and thus to reduce the risk from fire in the 

engine compartment. (Fig. 1.) 

FITTING.—A generic term for any small metal part used in the structure of an airplane or 

airship. 

FLIGHT PATH.—The path of the center of gravity of an aircraft with reference to the earth. 

FLOAT (or PONTOON).—A completely inclosed water-tight structure attached to an air¬ 

craft in order to furnish it buoyancy when in contact with the surface of the water. 

In float seaplanes the crew is carried in a fuselage or nacelle separate from the float. 

(Fig. 10.) 

FLOAT SEAPLANE.—(See Seaplane.) 

FLOTATION GEAR.—An emergency gear attached to a land plane to permit alighting on 

the water and to provide buoyancy when resting on the surface of the water. 

FLYING BOAT.—{See Seaplane.) 

FREE BALLOON.—(See Balloon.) 

FULL LOAD.—{See Load.) 

FUSELAGE.—The elongated structure, of approximately streamline form, to which are 

attached the wings and tail unit of an airplane. In general, it contains the power plant, 

passengers, cargo, etc. (Fig. 1.) 

FUSELAGE, LENGTH OF.—The distance from the nose of the fuselage (including the engine 

bed and radiator, if present) to the after end of the fuselage, not including the control 

and stabilizing surfaces. 

FUSELAGE, MONOCOQUE.—A type of fuselage construction wherein the structure consists 

of a thin shell of wood or metal, supported by bulkheads. The shell is designed to carry 
all stresses arising in the fuselage. 

FUSELAGE SEMIMONOCOQUE.—A type of fuselage construction wherein the structure 

consists of a thin shell of wood or metal supported by a framework of bulkheads and 

longerons. The latter are designed to take stresses in bending, while the shell is designed 
to take the shearing stresses. 

FUSELAGE, VENEER.—A type of fuselage which is built up by covering a framework of 

longerons and bulkheads with a plywood skin. 

GAP. -1 he distance between the planes of the chords of the upper and lower wings of a biplane, 

measured along a line perpendicular to the chord of the upper wing at any designated 
point of its landing edge. (Fig. 1.) Its symbol is G. 

GAS CONTAINER.—The bag or cell that contains the hydrogen or aerostatic gas. (Figs. 4 
and 5.) 
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GASSING.—The operation of replenishing the balloon with fresh gas to increase its purity or 

to make up for loss of gas due to leakage. 

GLAND.—A short tube fitted to an envelope or gas bag in such a manner that a rope or line 

may pass through without leakage of gas or air. (Figs. 2 and 5.) 

GLIDE.—To descend at a normal angle of attack without engine power sufficient for level 

flight, the propeller thrust being replaced by a component of gravity along the line of 

flight. Also used as a noun. 
GLIDER.—A form of aircraft similar to an airplane, but without a power plant. 

GLIDING ANGLE.—(Nee Angle, gliding.) 
GORE._The portion of the envelope of a balloon or airship included between two adjacent 

meridian seams. 

GROUND ANGLE.—{See Angle, landing.) 

GROUND CLOTH.—Canvas placed on the ground to protect an aerostat. 

GROUND-SPEED.—The horizontal component of the velocity of an aircraft relative to the 

earth. 
HANDLING FRAME, FIELD.—(Nee Field handling frame.) 

HANDLING LINES.—Lines attached along the sides of an airship for use in handling near 

and on the ground. (Figs. 2, 3, 4 and 5.) 

HANGAR—A shelter for housing aircraft. 
HELICOPTER.—A form of aircraft heavier than air whose chief support in the air is derived 

from the vertical thrust of propellers. w 
HOG._A distortion of an airship in which the longitudinal axis becomes convex upward, or 

both ends droop. 
HORN._The operating lever of a control surface of an aircraft, e. g., aileron horn, rudder 

horn, elevator horn. (Figs. 1, 3, and 4.) 
HORSEPOWER OF AN ENGINE, MAXIMUM.—The maximum horsepower which can be 

safely maintained for periods not less than five minutes. 
HORSEPOWER OF AN ENGINE, NORMAL.—The highest horsepower which can be 

safely maintained for long periods. 
HULL (AIRSHIP) .—The main structure of a rigid airship, consisting of a covered elongated 

framework which incloses the gas bags and supports the cars and equipment. (Fig. 4.) 

HULL (SEAPLANE) .—The portion of a boat seaplane which furnishes buoyancy when in 

contact with the surface of the water. The main supporting surfaces are attached to 

it and it contains accommodations for the crew and passengers. (Fig. 9.) 

IMPACT PRESSURE— {See Dynamic pressure.) 

INCIDENCE, ANGLE OF.—{See Angle of wing setting.) 

INCIDENCE WIRES.—{See Wires, stagger.) 

INCLINOMETER: 
Absolute.—An instrument giving the attitude of an aircraft with reference to the vertical. 

Relative.—An instrument giving the attitude of an aircraft with reference to appaient 

gravity, i. e., to the resultant of the acceleration of the aircraft and gravity. Such 

instruments are sometimes incorrectly referred to as banking indicators. 

INDICATORS.—{See Airspeed indicator; Turn indicator.) 
INDRAFT (INFLOW) .—The flow of air from in front of the propeller into the blades. 

INDUCED DRAG.—{See Drag.) 
INFLATION.—The act of filling a balloon or airship with gas in preparation for flight. _ 

INFLATION MANIFOLD.—A metal connection with numerous inlets which permits the 

passage of gas at one time from a number of sources either cylinders or gas holdeis 

to the main inflation tube. 
INFLATION SLEEVE (or FILLING SLEEVE).—A tubular fabric attachment to an envelope 

or gas bag, serving as a lead for the inflating hose. (ligs. 3 and 5.) 
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INFLOW.—(See Indraft.) 
INSPECTION WINDOW.—A small transparent window fitted in the envelope of a balloon or 

airship, or in the wing of an airplane, to allow inspection of the interior. (Figs. 1 and 3.) 

JACKSTAY.—A longitudinal rigging provided to maintain the correct distance between the 

heads of various rigging parts on an aerostat. 
KEEL.—A member or assembly of members which contributes longitudinal strength to an 

airship of the rigid or semirigid type. In either case the keel is usually an elaborately 

trussed girder and may be inclosed within the envelope or may project below the regular 

cross-sectional form of the envelope. (Figs. 4 and 5.) 
Articulated.—-A keel made up of a series of members connected at their ends by hinged 

joints. (Fig. 5.) 
KING POST.—The main compression member of a trussing system applied to support a single 

member subject to bending. (Figs. 4 and 6.) 
KITE.—A structure heavier than air, without other propelling means than the towline pull, 

the support being derived from the wind moving past its surfaces. 

KITE BALLOON.—(See Balloon.) 
KYMOGRAPH.—An instrument for recording the rotary motions of an airplane in flight. In 

general its action depends upon a gyroscope or it makes use of a beam of sunlight focused 

on a moving film. 
LAMINATED WOOD.—A product formed by gluing or otherwise fastening together individual 

wood planks or laminations with the grain substantially parallel. 

LANDING ANGLE.—(See Angle, landing.) 
LANDING FIELD.—A field of such a size and nature as to permit of airplanes landing and 

taking off in safety. 
LANDING GEAR.—The understructure of an aircraft designed to carry the load when in 

contact with the land or water. There are four types—boat type, float type, skid type, 

and wheel type. (Figs. 1, 6, 9, 10, and 14.) 

LANDING T—A white mark shaped like the capital letter T laid out on the landing area of a 

landing field to indicate the direction of the wind for guidance in landing and take-off 

of airplanes. 
LANDPLANE.—An airplane designed to rise from and alight on the land. (Figs. 1, 6 and 14.) 

LEADING EDGE.—The foremost edge of an airfoil or propeller blade. (Also called “Entering 

edge.”) (Fig. 1.) 

LEAK DETECTOR.—An instrument which detects the presence of hydrogen and other light 

gases in the air, and which can be adapted to find leaks in a container inflated with such 

a gas. 

LEEWAY.—The lateral velocity of an aircraft caused by horizontal air currents. 

LEFT-HAND ENGINE.—(See Engine, left-hand.) 

LENGTH OF FUSELAGE.—-(See Fuselage, length of.) 

LENGTH, OVER-ALL.—(See Over-all length.) 

LIFT.—The component perpendicular to the relative wind and in the plane of symmetry of 

the total air force on an aircraft or airfoil. It must be specified whether this applies 

to a complete aircraft or to parts thereof. (In the case of an airship this is often called 

“Dynamic lift.”) Its symbol is L. 

The “Absolute lift coefficient” is 

L is the lift, q is the impact pressure 

upon which the air force acts. 

LIFT WIRES,—(See Wires, lift.) 

Ch as defined by the equation Ch = 
L 

qS, 
in which 

( and S is the effective area of the surface 
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LOAD: 
Dead.—The structure, power plant, and fixed equipment of an aircraft. Included in this 

fixed equipment are the water in the radiator and cooling system, all essential instruments 

and furnishings, fixed electric wiring for lighting, heating, etc., and also, in the case of 

an aerostat, the amount of ballast which must be carried to assist in making a safe 

landing. 
Full.—Dead load plus useful load. 

Pay.—That part of the useful load from which revenue is derived, viz, passengers and 

freight. 
Useful.—The crew and passengers, oil and fuel, ballast, ordnance and portable equipment. 

LOAD, DYNAMIC.—(See Dynamic load.) 

LOAD FACTOR.—The ratio of the breaking load of a member to the load under conditions 

of horizontal steady rectilinear flight. 

LOAD RING.—(See Concentration ring.) - 

LOBES.—Air inflated bags at the stern of a kite balloon designed to give it directional stability. 

They may act as fins or stabilizers. (Fig. 2.) 

LOGARITHMIC DECREMENT.—The product A T where A is the coefficient appearing in 

the damping factor of damped harmonic motion and T is the period of the motion 

(equal to (See Damped harmonic motion.) 

LONGERON.—A fore-and-aft member of the framing of an airplane fuselage or nacelle, usually 

continuous across a number of points of support. (Fig. 1.) 

LOOP.—A maneuver in which the airplane describes an approximately circular path in the 

plane of symmetry, the lateral axis remaining horizontal and the upper side of the 

airplane remaining on the inside of the circle. 
MANEUVERABILITY.—That quality in an airplane which makes it possible for the pilot 

to change its attitude rapidly. 
MANOMETER PRESSURE.—The excess of pressure inside the envelope of an aerostat over 

the atmospheric pressure. In the case of an airship, the point of reference for the excess 

of pressure is the bottom of the gas cell. 

MINIMUM SPEED.—(See Speed, minimum.) 

MONOCOQUE FUSELAGE.—(See Fuselage, monocoque.) 
MONOPLANE.—An airplane which has but one main supporting surface, sometimes divided 

into two parts by the fuselage. (Fig. 6.) 
MOORING BAND.—A band of tape or webbing over the top of a kite balloon to which are 

attached the mooring ropes. It forms part of a mooring harness. (Fig. 2.) 

MOORING CONE.—The grooved conical member which engages with a hollow cone at the 

top of the mooring mast and provides the coupling between the rigid airship and the 

mooring mast. (Fig. 4.) 
MOORING CONE OUTRIGGER.—The member, usually tubular, which supports the moor¬ 

ing cone at the bow of the rigid airship. (Fig. 4.) 

MOORING HARNESS.—A system of bands of tape over the top of a balloon to which are 

attached the mooring ropes. 
MOORING LINE.—A line attached near the bow of an airship by which it may be secured 

to the ground or to a mooring mast. (Figs. 3, 4, and 5.) 
MOORING LOOPS.—A system of cordage loops on the envelope of a kite balloon for sus¬ 

pending sand bags. 
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MOORING MAST.—A mast or tower at the top of which there is mounted a fitting so that the 

bow of an airship may he secured. It is usually provided with a ladder or staircase and 

a platform at the top so that crew and passengers may enter or leave the airship, and 

also with piping for the supply of fuel, gas, and water. 
MOORING ROPES.—Lines attached to the mooring harness of a balloon for use in securing 

it to the ground. (Fig. 2.) 
MULTIPLANE.—An airplane with two or more main supporting surfaces placed one above 

another. 
NACELLE.—An inclosed shelter for passengers or for a power plant. A nacelle is usually 

shorter than a fuselage, and does not carry the tail unit. 

NET: 
Free Balloon.—A rigging made of ropes and twine shaped to the upper surface of the 

envelope, which supports the weight of the basket, etc., distributing the load over the 

entire upper surface of the envelope. (Fig. 11.) 
Inflation.—A rectangular net of cordage used to restrain the envelope of a kite 

balloon or airship during inflation and before the car is attached. 

Rigid Balloon.—A netting of cord, usually ramie, of small mesh which receives the first 

lift from the gas cells and imparts this lift to a wire netting of coarser mesh, both being 

fitted between the horizontals. (Fig. 4.) It may be compared to the net of a free balloon. 

NONRIGID AIRSHIP.—(See Airship.) 

NOSE CAP.—(See Bow cap.) 
NOSE HEAVY.—The condition of an aircraft in which, in normal flight, the nose tends to drop 

if the longitudinal control is released; i. e., the condition in which the pilot has to exert 

a pull on the control stick or column to maintain the given altitude. 

NURSE BALLOON.—(See Balloon.) 
NURSING TUBE.—An elongated appendix or inflation sleeve of the kite balloon which is 

brought down to the basket and fitted with a quick connection coupling. This coupling 

can be attached to a similar piece on a tube on the deck of the ship and gas may be sent 

into the balloon within a few minutes after it has reached the deck. (Fig. 2.) 

ORNITHOPTER.—A form of aircraft heavier than air deriving its chief support and propelling 

force from flapping wings. 
OSCILLATION, PHUGOID.—A long-period oscillation characteristic of the disturbed longi¬ 

tudinal motion of an airplane. This is referred to when it is said that an airplane “ hunts. ” 

OSCILLATION, STABLE.—An oscillation whose amplitude decreases continuously. 

OSCILLATION, UNSTABLE.—An oscillation whose amplitude increases continuously till 

the whole motion is changed. 

OUTER COVER (Airship).—The outside covering of the hull of a rigid airship, usually of 

fabric. (Fig. 4.) 

OVER-ALL LENGTH.—The distance from the extreme front to the extreme rear of an air¬ 

craft, including the propeller and the tail unit. 

OVERHANG.—One-half the difference in the span of any two main supporting surfaces of an 

airplane. The overhang is positive when the upper of the two main supporting surfaces 

has the larger span. (Fig. 1.) 

PANCAKE.—To “level off” an airplane at a greater altitude than in a normal landing, causing 

it to stall and descend with the wings at a very large angle of attack and approximately 

without bank, on a steeply inclined path. 

PANEL (AEROSTAT).—The unit piece of fabric of which the envelope of an aerostat is 

made. 

PANEL (WING PARTS).—A separately constructed portion of a wing which is attached to 

the remainder by bolts and fittings. 
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PARACHUTE.—An apparatus used to retard the descent of a falling body by offering resistance 

to its motion through the air. It is usually made of light fabric, so that it may be packed 

in a small space in such a manner that it will readily unfold when released with a falling 

body attached. 

(Strictly speaking, not an aircraft.) 

PARASITE RESISTANCE.—(See Drag.) 

PATCH.—A strengthened or reinforced flap of fabric, which is cemented to the envelope and 

forms an anchor by which some portion of the structure is attached to the envelope. 

(Fig. 12.) 

PAY LOAD.—(See Load.) 
PERFORMANCE CHARACTERISTICS (AIRPLANE): 

(a) Maximum and minimum speed at various altitudes. 

(&) Rates of climb at various altitudes. 

(c) Time to climb to various altitudes. 

(d) The service ceiling. 

(e) The absolute ceiling. 

(f) The landing speed or minimum speed. 

(g) Power plant characteristics corresponding to above. 

PERFORMANCE CHARACTERISTICS (AIRSHIP).—In general: 

(а) Maximum speed at various altitudes. 
(б) Maximum altitude attainable with definite weight relations and ballonet volume (if 

fitted). 

(c) Endurance at full and half power. 

(d) Static ceiling. 
(e) Dynamic lift under specified conditions. 

PERFORMANCE TESTING.—The process of determining performance characteristics. 

PERIOD.—The time taken for a complete oscillation. 
PERMEABILITY.—The measure of the rate of diffusion of gas through intact balloon fabric; 

usually expressed in liters per square meter of fabric per 24 hours, under standard con¬ 

ditions of pressure and temperature. 
PHUGOID OSCILLATION.—(See Oscillation, phugoid.) 
PILOT.—An operator of aircraft. This term is applied regardless of the sex of the operator. 

PILOT BALLOON.—(See Balloon.) 

PITCH, ANGLE OF.—(See Angle of pitch.) 

PITCH OF A PROPELLER: 
(a) Pitch, Aerodynamic.—The distance a propeller would have to advance in one revolu¬ 

tion in order that the torque might be zero. Its symbol is pa- 
(b) Pitch, Effective.—The distance an aircraft advances along its flight path for one 

revolution of the propeller. Its symbol is pe* 
(c) Pitch, Geometrical.—The distance an element of a propeller would advance in one 

revolution if it were moving along a helix of slope equal to its blade angle. 

(d) Pitch, Mean Goemetrical.—The mean of the geometrical pitches of the several 

elements. Its symbol is pe. 
(e) Pitch, Standard.—The geometrical pitch taken at two-thirds of the radius. (Also 

called nominal pitch.) Its symbol is p6. 
(/) Pitch, Virtual.—The distance a propeller would have to advance in one revolution 

in order that there might be no thrust. (Also called experimental mean pitch.) 

Its symbol is pv. 

PITCH RATIO.—The ratio of the pitch to the diameter. 
PITCH SPEED.—The product of the mean geometrical pitch by the number of revolutions 

of the propeller in unit time; i. e., the speed the aircraft would make if there were no slip. 
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PITOT TUBE.—A cylindrical tube with an open end, designed to be used with the open end 

pointing upstream to detect the impact pressure of a fluid stream. When used on aircraft 

it is associated either with a closed coaxial tube surrounding it, or with a closed tube 

placed near it and parallel to it. The associated tube has perforations in its side, and the 

air inside is subjected to static pressure, as distinct from impact pressure. The speed of 

the fluid can be determined from the difference between the impact pressure and the 

static pressure, as read by a suitable gauge. (Fig. 7.) 

PLYWOOD.—A product formed by gluing together two or more layers of veneer. 

PONTOON.—(See Float.) 
POWER LOADING.—The gross weight of an airplane fully loaded divided by the normal 

brake horsepower of the engine computed for air of standard density, unless otherwise 

stated. 

PRESSURE, DYNAMIC.— (See Dynamic pressure.) 

PRESSURE, MANOMETER.—(See Manometer pressure.) 

PRESSURE, NOZZLE.—The apparatus which, in combination with a gauge, is used to measure 

the pressure due to speed through the air. It may be a Pitot or a Venturi tube, or a 

combination of the two. Pressure nozzles of various types are also used in yawmeters 

and other instruments. 
PRESSURE TUBE.—A tube fitted to the side of an envelope or gas bag, to which a pressure 

gauge may be attached. 

PROFILE.—(See Airfoil section.) 

PROOFING.—Material incorporated in the fabric of an aerostat at the time of manufacture, 

to increase its resistance to the weather and to prevent the passage of gas. 

PROPELLER AREA, PROJECTED.—The total disk area less that portion extending 0.2 

of the radius from the axis of the shaft. 

PROPELLER BLADE.—(See Blade face; Blade back; Blade width ratio.) (Fig. 1.) 

PROPELLER BLADE, ANGLE OF.—(See Angle of propeller blade.) 

PROPELLER BLADE AREA.—The area of the blade face, exclusive of the boss and the root; 

i. e., of a portion which is usually taken as extending 0.2 of the radius from the axis 

of the shaft. 

PROPELLER BLADE, ASPECT RATIO OF.—(See Aspect ratio of propeller blade.) 

PROPELLER BOSS.—The central portion of a propeller in which the hub is mounted. (Fig. 1.) 

PROPELLER CAMBER RATIO.—The ratio of the maximum thickness of a propeller section 

to its chord. 

PROPELLER DISK AREA, TOTAL.—The total area swept by a propeller; i. e., the area 

of a circle having a diameter equal to the propeller diameter. 

PROPELLER EFFICIENCY.—The ratio of thrust power to power output of a propeller. 

Its symbol is rj. 

PROPELLER HUB.—The metal fitting inserted in a wooden propeller for the purpose of 

mounting it on the engine shaft. (Fig. 1.) 

PROPELLER INTERFERENCE.—The amount by which the torque and thrust of a propeller 

are changed by the modification of the air flow in the slipstream produced by bodies 

placed near the propeller, such as the engine, radiator, etc. 

PROPELLER LOAD CURVE.—A curve.representing engine power necessary to drive any 

given propeller at various speeds. The power required varies directly as the cube of 
V 

the speed in R. P. M., provided the ratio remains constant. 

PROPELLER PITCH.—(See Pitch of a propeller.) 

PROPELLER, PUSLIER.—A propeller which is placed at the rear end of its shaft and pushes 

against the thrust bearing. 

PROPELLER RAKE.—The angle which the line joining the centroids of the sections of a 

propeller blade makes at the axis, with a plane perpendicular to the axis. 
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PROPELLER ROOT.—That part of the propeller blade near the boss. 

PROPELLER SECTION.—A cross-section of a propeller blade made at any point by a plane 
perpendicular to the blade axis. 

PROPELLER THRUST.—The component parallel to the propeller axis of the total air force 
on the propeller. Its symbol is T. 

PROPELLER TORQUE.—The moment produced on the propeller by the engine shaft. Its 
symbol is Q. 

PROPELLER, TRACTOR.—A propellor which is placed at the forward end of its shaft and 
pulls on the thrust bearing. 

PROPELLER WIDTH RATIO, TOTAL.—The product of blade width ratio at the point of 
maximum blade width by number of blades. 

PURITY (OF HYDROGEN OR OTHER AEROSTATIC GAS).—The ratio of the pressure of the 

hydrogen (or other aerostatic gas) in the container to the total pressure due to all the 
contained gases. 

PUSHER AIRPLANE.—An airplane with the propeller or propellers in the rear of the main sup¬ 
porting surfaces. (Figs. 9 and 14.) 

PUSHER PROPELLER.—(See Propeller, pusher). 

QUADRUPLANE.—An airplane with four main supporting surfaces, placed one above another. 

RACE ROTATION.—The rotation of the air influenced by a propeller. This rotation is much 

more marked in the slipstream than in front of the propeller. 

RADIAL ENGINE.—{See Engine, radial). 

RAKE.—The cutting away of the wing tip at an angle so that the plan form of the main sup¬ 

porting surfaces is trapezoidal. The amount of rake is measured by the acute angle 

between the straight portion of the wing-tip outline and the plane of symmetry. The 

rake is positive when the trailing edge is longer than the leading edge. (Fig. 1.) 

RAKE, PROPELLER.—{See Propeller rake.) 

RATE OF CLIMB.—The vertical component of the airspeed of an aircraft; i. e., its vertical 
velocity with reference to the air. 

RATE-OF-CLIMB METER.—An instrument to measure the vertical component of the velocity 

of an aircraft. Most rate-of-climb meters depend on the rate of change of the atmos¬ 
pheric pressure. 

RELATIVE WIND.—-The motion of the air with reference to a body; i. e., its motions as 

observed by a man at rest on the body. The direction and velocity of the relative 

wind, therefore, are found by adding two vectors, one being the velocity of the air with 

reference to the earth, the other being equal and opposite to the velocity of the body 

with reference to the earth. 

RESISTANCE DERIVATIVES.—Quantities expressing the variation of the forces and mo¬ 

ments on aircraft due to disturbance of steady motion. They form the experimental 

basis of the theory of stability, and from them the periods and damping factors of air¬ 

craft can be calculated. In the general case there are 18 translatory and 18 rotary 

derivatives. 

Rotary.—Resistance derivatives expressing the variation of moments and forces due to 

small changes in the rotational velocities of the aircraft. 

Translatory.—Resistance derivatives expressing the variation of moments and forces 

due to small increases in the translational velocities of the aircraft. 

Longitudinal.—Resistance derivatives expressing the variation of moments and forces 

due to small increases in the longitudinal, normal, and pitching velocities. 

Lateral.—Resistance derivatives expressing the variation of moments and forces due 

to small increases in the lateral, yawing, and rolling velocities. 

RESTORING MOMENT.—{See Righting moment.) 

REVERSE TURN.—A rapid maneuver to reverse the direction of flight of an airplane, made 

by a half loop and half roll. 
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REVOLUTIONS, MAXIMUM.—The maximum number of revolutions per minute that may 

be maintained for periods not less than five minutes. 

REVOLUTIONS, NORMAL.—The highest number of revolutions per minute that may be 

maintained for long periods. 

REYNOLDS NUMBER.—A name given the fraction p— in which 
'p* 

p is the density of the air; 

V is the relative velocity of the air; 

l is a linear dimension of the body; 

p. is the coefficient of viscosity of the air. 

RIB.—(See Wing rib.) 
RIGGER.—One who is employed in assembling and aligning aircraft. 

RIGGING.—The assembling, adjusting, and aligning of the parts of an airplane, or the attach¬ 

ment and adjustment of the car, rudders, valves, controls, etc., of an airship. 

RIGHT-HAND ENGINE.—{See Engine, right-hand.) 
RIGHTING MOMENT (or RESTORING MOMENT).—A moment which tends to restore 

an aircraft to its previous attitude after any small rotational displacement. 

RIGID AIRSHIP.—(-See Airship.) 
RIP CORD.—The rope running from the rip panel to the car or basket, the pulling of which 

tears off or rips the rip panel and causes immediate deflation. 

RIP PANEL.—A strip in the upper part of the envelope of a balloon or semirigid or nonrigid 

airship which is torn off or ripped when immediate deflation is desired. (Figs. 2 and 3.) 

ROLL, ANGLE OF.—(See Angle of roll.) 

ROTARY ENGINE.—(See Engine, rotary.) 
RUDDER.—A movable auxiliary surface, usually attached at the rear end of an aircraft, 

the function of which is to impress a yawing moment upon the aircraft. (Figs. 1, 3, 4, 

and 5.) 
RUDDER ANGLE.—(See Angle, rudder). 
RUDDER BAR.—The foot bar by means of which the control cables leading to the rudder 

are operated. (Fig. 1.) 
RUDDER TORQUE.—The twisting moment exerted by the rudder on the fuselage. The prod¬ 

uct of the rudder area by the distance from its center of area to the axis of the fuselage 

may be used as a relative measure of rudder torque. 

RUNWAY (HANGAR FOR SEAPLANES) .—A firm inclined surface leading from the 

entrance of a hangar for seaplanes into the water. Seaplanes are beached on this surface 

and drawn up it for storage in the hangar. 
RUNWAY (LANDING FIELD).—A smooth and elongated area on a landing field along 

which the airplanes alight and take off. Also, a temporary surface erected on a landing 

field when it is muddy or soft to facilitate the take-off and alighting of airplanes. 

SAFETY, FACTOR OF.—The ratio of the breaking load of a member to the maximum load 

which can occur in actual use under specific conditions. 

SAFETY LOOP.—A loop formed immediately outside the fitting, through which the rip cord 

emerges from the botton of an aerostat. Before the rip panel can be opened by the rip 

cord, the fastening of this safety loop must be tom off by a strong pull on the cord. 

SAG.—A distortion of an airship in which the longitudinal axis becomes concave upward, or 

both ends rise. 
SEAPLANE.—An airplane designed to rise from and alight on the water. 

Boat Seaplane (or Flying Boat).—A form of seaplane having for its central 

portion a hull or boat which provides flotation in addition to serving as a fuselage. 

It is often provided with auxiliary floats or pontoons lor lateral support on the 

water. (Fig. 9.) 
Float Seaplane.—A form of seaplane fitted with one or more floats or pontoons 

instead of a hull. (Fig. 10.) 
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SEMIRIGID'AIRSHIP.— {See Airship.) 

SHEATHING.—{See Tipping.) 
SHED.—A shelter for housing airships. 

SHIPPLANE.—A landplane designed to rise from and alight on the deck of a ship. 

SHOCK ABSORBER.—-A spring or elastic member, designed to prevent the imposition of large 

accelerations on the structure of the airplane when landing or taking off. Shock absorbers 

are usually interposed between the wheels, floats, or tail skid, and the remainder of the 

airplane to secure resiliency in landing and taxying. (Fig. 1.) 

SIDE SLIPPING.—Flight in which the lateral axis is inclined and the airplane has a com¬ 

ponent of velocity in the direction of its lower end. When it occurs in connection with 
a turn it is the opposite of skidding (q. v.). 

SKID FINS.—Fore-and-aft vertical surfaces, usually placed above the upper wings, designed 

to provide vertical keel surface and so to increase lateral stability. (Figs. 9 and 10.) 

SKIDDING.—Sliding sidewise away from the center of curvature when turning. It is usually 

caused by banking insufficiently, and is the opposite of side slipping (q. v.). 

SKIDS.—Runners used as members of the landing gear and designed to aid the aircraft in 

landing or taxying. 

Tail Skid.—A skid used to support the tail when in contact with the ground. (Figs. 1, 4, 

6, and 14.) 

Wing Skid.—A skid placed near the wing tip and designed to protect the wing from con¬ 

tact with the ground. (Fig. 1.) 

SKIN FRICTION.—The tangential component of the fluid force at a point on a surface. 

SLIP.—The difference between the mean geometrical pitch and the effective pitch. Slip is 

usually expressed as a percentage of the mean geometrical pitch. 

SLIP FUNCTION.—The ratio of speed of advance through the undisturbed air to the product 

of propeller diameter by the number of revolutions in unit time. The slip function is 

the primary factor controlling propeller performance, i. e., 

SLIPSTREAM.—The stream of air driven astern by the propeller. (The indraft is sometimes 

included also.) 

SOAR.—To gain, or at least not lose, altitude while flying without engine power. 

SOUNDING BALLOON.—{See Balloon.) 

SPAN (AIRFOIL).—The lateral dimensions of an airfoil, i. e., its dimension perpendicular 

to its chord. Its symbol is b. 
SPAN (AIRPLANE).—The maximum distance measured parallel to the lateral axis from 

tip to tip of an airplane inclusive of ailerons. (Fig. 1.) 

SPARS.—{See Wing spars.) 

SPEED, CRITICAL.—-The lowest speed of an airplane at which control can be maintained. 

SPEED, MINIMUM.—The lowest steady speed which can be maintained by an airplane in 

level flight, with any throttle setting whatever. 

SPIN.—A maneuver consisting of a combination of roll and yaw, with the longitudinal axis 

of the airplane inclined steeply downward. The airplane descends in a helix of large 

pitch and very small radius, the upper side of the airplane being on the inside of the 

helix, and the angle of attack on the inner wing being maintained at an extremely large 

value. 

SPINNER.—A fairing, usually made of sheet metal and approximately conical or paraboloidal 

in form, which is attached to the propeller boss and revolves with it. (Fig. 1.) 

SPIRAL INSTABILITY.—{See Stability.) 
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STABILITY.—That property of a body which causes it, when disturbed from a condition of 

equilibrium or steady motion, to develop forces or moments of such a character as to 

tend to restore the body to its original condition. 

Automatic.—Stability dependent upon movable control surfaces automatically operated 

by mechanical means. 

Inherent.—Stability of an aircraft due solely to the disposition and arrangement of its 

fixed parts; i. e., that property which causes it, when disturbed, to return to its normal 

attitude of flight without the use of controls or the interposition of any mechanical 

devices. 
Directional.—Stability with reference to rotations about the normal axis; i. e., an air¬ 

plane possesses directional stability in its simplest form if a restoring moment comes 

into action when it is given a small angle of yaw. Owing to symmetry, directional 

stability is closely associated with lateral stability. 

Lateral.—Stability with reference to disturbances involving rolling, yawing, or side 

slipping; i. e., disturbances in which the position of the plane of symmetry of the air¬ 

craft is affected. 

Longitudinal.—Stability with reference to disturbances in the plane of symmetry; i. e., 

disturbances involving pitching and variation of the longitudinal and normal velocities. 

Spiral Instability.—A type of instability inherent in certain airplanes which becomes 

evident when the airplane, as a result of a yaw, assumes too great a bank, and side slips; 

the bank continues to increase and the radius of the turn to decrease. 

Statical Stability.—Stability of such a character that, if the airplane is displaced slightly 

from its normal attitude by rotation about an axis through its center of gravity (as may 

be done in wind tunnel experiments), moments come into play which tend to return the 

airplane toward its original attitude. 

Dynamical Stability.—Stability of such a character that, if the airplane is displaced 

from steady motion in flight, it tends to return to that steady state of motion, the oscil¬ 

lations due to restoring moments being damped out. 

In a general way, the difference between static stability and dynamical stability is 

that the former depends on restoring moments alone, while the latter includes the action 

of damping factors. 

STABILIZER.—A normally fixed surface at the rear end of an aircraft, approximately parallel 

to the plane of the longitudinal and lateral axes, whose function is to stabilize the pitching 

motion. (Also called “Tail plane.”) (Fig. 1.) 

STABILIZER, MECHANICAL.—A mechanical device to prevent an aircraft from departing 

from a condition of steady motion, or, in case such a motion is disturbed, to restore it to 

its steady state. Includes gyroscopic stabilizers, pendulum stabilizers, inertia stabilizers, 

etc. 

STABILIZER SETTING, ANGLE OF.—(See Angle of stabilizer setting.) 

STABLE OSCILLATION.—(See Oscillation, stable.) 

STAGGER.—The amount of advance of the leading edge of an upper wing of a biplane, triplane, 

or multiplane over that of a lower, expressed either as percentage of gap or in degrees of 

the angle whose tangent is the percentage just referred to. It is considered positive 

when the upper wing is forward, and is measured from the leading edge of the upper 

wing along its chord to the point of intersection of this chord with a line drawn perpen¬ 

dicular to the chord of the upper wing at the leading edge of the lower wing, all lines 

being drawn in a plane parallel to the plane of symmetry. (Fig. 1.) 

STAGGER WIRES.—(See Wires, stagger.) 

STALLING.—A term describing the condition of an airplane which from any cause has lost 

the air speed necessary for control. 

STATIC CEILING.—(See Ceiling, static.) 

STATIC THRUST.— The thrust developed by a propeller when rotating at a fixed point. 
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STATION.—A term used to denote the location of a framing attachment in a fuselage or 

nacelle (strut points in a trussed fuselage, bulkhead points in a monocoque or veneer 

fuselage). 

STATOSCOPE.—An instrument used to detect the existence of the minute changes in atmos¬ 

pheric pressure corresponding to small vertical motions of an aircraft. 

STAY.—A wire or other tension member; for example, the stays of the wing and body trussing 

(Fig. 1.) 

STEP.—A break in the form of the bottom of a float or hull designed to assist in securing a 
dynamic reaction from the water. 

STICK CONTROL.—(See Control stick.) 

STREAMLINE.—'The path of a small portion of a fluid relative to a solid body with respect 

to which the fluid is moving. The term is commonly used only of such flows as are 

not eddying, but the distinction should be made clear by the context. 

STREAMLINE FLOW.—Flow past a solid body without any discontinuity in the pressure 
or velocity distribution. 

STREAMLINE FORM.—A solid body which produces streamline flow. 
STRUCTURAL DRAG.—(See Drag.)' 

STRUT. A compression member of a truss frame. For instance, the vertical members of 

the wing truss of a biplane (interplane struts) and the short vertical and horizontal 

members separating the longerons (q. v.) in the fuselage. (Figs. 1.) 
STRUT, DRAG.—(See Drag strut.) 

SUPERCHARGED ENGINE.—(See Engine, supercharged.) 

SUPERCHARGER.—A device for compressing the air supply of aircraft engines, usually 

intended to maintain normal sea-level pressure at the carburetor for all altitudes below 
a designed limiting value. 

Centrifugal-Type.—A supercharging device comprising one or more high-speed rotors 

operating in a casing provided with diffusion vanes and, usually, also with entry guide 
vanes. 

Fan-Type.—A supercharging device comprising one or more high-speed fan rotors oper¬ 

ating in a casing not provided with diffusion or entry vanes. 

Positive Blower-Type.—A supercharging device comprising one or more relatively 

slow-speed rotors revolving in a stationary case in such a way as to provide a positive 
displacement. 

Positive Driven-Type.—A supercharger driven at a fixed-speed ratio from the engine 
shaft by gears or other positive means. 

SUPPORTING SURFACE, MAIN.—A set of wings, extending on the same general level 

from tip to tip of an airplane; e. g., a triplane has three main supporting surfaces. The 

main supporting surfaces include the ailerons, but no other surfaces intended primarily 
for control or stabilizing purposes. 

SURFACE, BALANCED.—(See Balanced surface.) 

SURFACE, CONTROL.—(See Control surface.) 

SURFACE, MAIN SUPPORTING.—(See Supporting surface, main.) 

SUSPENSION BAND.—The horizontal fabric band securely fastened to a balloon or airship, 

to which are attached the main suspensions of the basket or car. (Figs. 2 and 5.) 

SUSPENSION BAR.—A wooden bar to which the supporting ropes of the car of a balloon 

are secured, fitted also with ropes and toggles for attaching to the car suspensions from 

the balloon. (Also called “Trapeze bar.”) (Figs. 2 and 11.) 

SUSPENSION LINES.—The system of lines, either cordage or metal, which supports weight 

attached to the envelope of a balloon or airship. (Figs. 2, 3, 5, and 11.) 
SUSPENSION WINCH.—(See Winch suspension.) 

SWEEP BACK. The acute angle between the lateral axis of an airplane and the projection 

of the leading edge of the wing on a plane which includes the lateral and longitudinal 
axes. (Fig. 1.) 

53006—23-42 
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TAIL BOOM.—A spar or outrigger connecting the tail surfaces and main supporting surfaces. 

(Fig. 14.) 

TAIL DROOP.—A deformation of an airship in which its longitudinal axis bends downward 

at the after end. 
TAIL GROUP (or TAIL UNIT).—The stabilizing and control surfaces at the rear end of 

an aircraft, including stabilizer, fin, rudder, and elevator. (Also called “Empennage.”) 

TAIL HEAVY.—The condition of an aircraft in which, in normal flight, the tail tends to 

sink if the longitudinal control is released; i. e., the condition in which the pilot has 

to exert a push on the control stick or column to maintain the given attitude. 

TAIL PLANE.—(See Stabilizer.) 

TAIL SKID.—(See Skids.) 
TAIL SLIDE.—The backward and downward motion, tail first, which certain airplanes may¬ 

be made to take after having been brought into a stalling position by a steep climb. 

TAIL UNIT.—(See Tail group.) 
TANDEM AIRPLANE.—An airplane with two or more sets of wings of substantially the 

same area (not including the tail unit) , placed one in front of the other and on about 

the same level. 
TAXI.—To run an airplane over the ground, or a seaplane on the surface of water, under its 

own power. 
THIMBLE.—A grooved ring of circular or heart-shaped form, generally of metal, which is 

inserted in the eye of a rope or wire to prevent chafing. 

THRUST FACE.—(See Blade face.) 

THRUST, PROPELLER.—(See Propeller thrust.) 

TIPPING (PROPELLER).—A sheet metal (or equivalent) protective covering of the blade 

of a propeller near the tip, extended a short distance along the trailing edge and a con¬ 

siderable distance along the leading edge. (Fig. 1.) 

TOGGLE.’—A short crossbar of wood or metal, having a shouldered groove, which is fitted 

at the end of a rope at right angles to it. It is used for obtaining a quickly detachable 

connection with an eye at the end of another rope. (Fig. 2.) 

TORQUE, PROPELLER.—(See Propeller torque.) 

TORQUE, RUDDER.—(See Rudder torque.) 

TOTAL PROPELLER WIDTH RATIO.—(See Propeller width ratio, total.) 

TRACTOR AIRPLANE.—An airplane with the propeller or propellers forward of the main 

supporting surfaces. (Figs. 1, 6, and 10.) 

TRACTOR PROPELLER.—(See Propeller, tractor.) 

TRAIL ROPE.—(See Drag rope.) 

TRAILING EDGE.—The rearmost edge of an airfoil or propeller blade. (Fig. 1.) 

TRAJECTORY BAND.—A band of webbing carried in a curve over the top of the envelope 

of an airship to distribute the stresses due to the suspension. (Fig. 13.) 

TRAPEZE BAR.—(See Suspension bar.) 

TRIPLANE.—An airplane with three main supporting surfaces, placed one above another. 

TURN INDICATOR.—An instrument indicating when the direction of the line of flight, or 

of its projection on a horizontal plane, is changing. 

TURN METER.—An instrument similar to a turn indicator but which gives quantitatively 

the rate of turn in terms of the angular velocity or the radius of curvature. 

UNSTABLE OSCILLATION.—(See Oscillation, unstable.) 

USEFUL LOAD.—(See Load.) 

V WIRES.—The lower lines of the winch suspension of the kite balloon. They meet at the 

junction piece and form V’s, hence the name. (Fig. 2.) 

VALVE, AUTOMATIC.—A spring-controlled safety valve fitted to an envelope or gas bag 

for the purpose of preventing excessive internal pressure. (Figs. 4 and 5.) 

VALVE COVER.—(See Bonnet.) 

VARIABLE COMPRESSION ENGINE.—(See Engine, variable compression.) 
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VENEER.—Thin sheets of wood, either sliced with a knife or sawed. 
VENTURI TUBE.—A short tube with flaring ends and a constriction between them, into 

which a side tube opens. When fluid flows through the venturi, there is a reduction of 

pressure in the constriction, the amount of the reduction being a function of the velocity 

of flow. The reduced pressure may be measured by means of the side tube. (Fig. 8.) 

The Venturi is usually combined with a Pitot tube or with one giving static pressure, 

to form a pressure nozzle, which may be used to determine the speed of an aircraft 

through the air. 

VERTIMETER.—An instrument indicating on a scale the minute changes of atmospheric 

pressure corresponding to small vertical motions of aircraft. 

WARP.—To change the form of a wing by twisting it. Warping is sometimes used to main¬ 

tain the lateral equilibrium of an airplane. 

WASH.—The disturbance in the air produced by the passage of an airfoil. (Also called the 

“wake,” in the general case for any solid body.) 

WASHIN.—Permanent warping of the wing which results in an increase in the angle of attack 
near the tip. 

WASHOUT.—Permanent warping of a wing which results in a decrease in the angle of attack 
near the tip. 

WEIGHT, DISCHARGEABLE.—(See Dischargeable weight.) 

WEIGHT PER HORSEPOWER.—The dry weight of an engine divided by the normal horse¬ 
power. 

WHEEL CONTROL.—(See Control column.) 

WIDTH RATIO.—(See Propeller width ratio.) 

WINCH SUSPENSION.—The rigging by means of which the drag of the kite balloon is trans¬ 
mitted from the envelope to the towing or traction cable. (Fig. 2.) 

WIND CONE.—A sleeve of light fabric shaped like a truncated cone when inflated and sus¬ 

pended by one end from a rigid support. When suitably suspended, if there is a wind 

it stands out nearly horizontally and indicates its direction, or in the absence of a wind 
it is not inflated and thus indicates the fact. 

WIND, RELATIVE.—(See Relative wind.) 

WIND TUNNEL.—An elongated chamber through which a steady air stream may be drawn 

by a suction fan. Models of airfoils of aircraft or of propellers may be placed in the 

middle portion of the tunnel, called the experimental chamber, and supported by suit¬ 

able balances placed outside the air stream, so that the forces, moments, etc., due to 
the moving air may be measured. 

WINDMILL.—An air-driven screw fitted with blades somewhat similar to those of a propeller 

and used to drive auxiliary apparatus. 

WING.—The portion of single main supporting surface on either side of the plane of sym¬ 

metry; e. g., a biplane has four wings. (Figs. 1, 9, 10, and 14.) 

WING DRAG.—(See Drag.) 

WING LOADING.—The gross weight of an airplane, fully loaded, divided by the area of the 

supporting surface. The area used in computing the wing loading should include 

ailerons, but not the stabilizer or elevators. 

WING RIB.—A fore-and-aft member of the wing structure of an airplane, used to give 

the wing section its form and to transmit the load from the fabric to the spars. (Figs. 
1 and 15.) 

Rib, Compression.—A heai^y rib designed to have the above functions and also to act 

as a strut opposing the pull of the wires in the internal drag truss. (Also called 
“Drag strut.”) (Figs. 1 and 15.) 

Rib, Former or False.—An incomplete rib, frequently consisting only of a strip of wood 

extending from the leading edge to the front spar, which is used to assist in maintaining 

the form of the wing where the curvature of the airfoil section is sharpest. (Figs. 
1 and 15.) 
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WING SETTING, ANGLE OF.—(See Angle of wing setting.) 

WING SKID.—{See Skids.) 
WING SPARS.—The principal transverse structural members of the wing assembly of an 

airplane. (Figs. 1 and 15.) 

WING TRUSS.—The framing by which the wing loads of an airplane are transmitted to the 

fuselage; comprises struts, wires, cables, tie-rods, and spars. 

WIRE.—Tn aeronautics refers specifically to drawn solid wire. 

WIRES, ANTIDRAG.—Wires designed primarily to resist forces acting parallel to the chords 

of the wings of an airplane and in the same direction as the direction of flight. They 

are, in general, inclosed in the wings. (Fig. 1.) 

WIRES, ANTILIFT.—Wires designed primarily to resist forces in the opposite direction to 

the normal direction of the lift, and to oppose the lift wires and prevent distortion of 

the structure by overtightening of those members. (Sometimes called “Landing 

wires.”) (Fig. 1.) 

WIRES, DRAG.—All wires or cables designed primarily to resist drag forces. 

Internal Drag Wires are concealed inside the wings. (Fig. 1.) 

External Drag Wires run from a wing cell to the nose of the fuselage or some other part 

of the airplane. (Fig. 1.) 

WIRES, LIFT.—The wires or cables which transmit the lift on the outer portion of the wings 

of an airplane in toward the fuselage or nacelle. These wires usually run from the top 

of an interplane strut to the bottom of the strut next nearer the fuselage. (Fig. 1.) 

WIRES, STAGGER.—Wires connecting the upper and lower surfaces of an airplane and lying 

in planes substantially parallel to the plane of symmetry. (Also called “Incidence 

wires.”) (Fig. 1.) 

YAW, ANGLE OF.—(See Angle of yaw.) 

YAWMETER.—An instrument giving by direct reading the angle of yaw. 

YOKE.—(See Control column.) 

ZERO LIFT ANGLE.—(See Angle, zero lift.) 

ZERO LIFT LINE.—A line through the trailing edge of an airfoil section parallel to the 

direction of the wind when the lift is zero. 

ZOOM.—To climb for a short time at an angle greater than that which can be maintained in 

steady flight, the airplane being carried upward at the expense of its kinetic energy. 

This term is sometimes used as a noun, to denote any sudden increase in the upward 

slope of the flight path. 

/ 



REPORT No. 157. 

NOMENCLATURE FOR AERONAUTICS. 

By the National Advisory Committee for Aeronautics. 

PART II. 

NOMENCLATURE BY DIVISIONS. 

A. GENERAL TERMS. 
AERONAUTICS.—The science and art of self-sustained flight in air. 

AIRCRAFT.—Any man-carrying device or structure designed to be supported by the 

air, making use either of buoyancy or of the dynamic action of the air. 

AEROSTATION.—The art of operating lighter-than-aircraft. 

AVIATION.—The art of operating heavier-than-aircraft. 

AERODYNAMICS.—The branch of dynamics which treats of the motion of air and 

other gaseous fluids, and of the forces on solids in motion relative to such fluids. 

AEROSTATICS.—The science that treats of the equilibrium of gaseous fluids and of 

solid bodies immersed in them. 
As an aeronautic term it relates to those properties of lighter-than-aircraft which 

are due to the buoyancy of the air. 
AIRWAY.—An aerial highway, developed by the provision of landing fields, radio 

stations, etc., for transportation between three or more traffic centers or extending 

across a large geographical area. 
AIR ROUTE.—An aerial highway between two traffic centers, or leading from a 

traffic center into an airway. 

AIRPORT.—The terminal of an airway. 
CROSS-COUNTRY FLIGHT.—A flight starting at one landing field and terminating 

at another not within gliding distance of the former. 

PILOT.—An operator of aircraft. This term is applied regardless of the sex of the 

operator. 

B. TYPES OF AIRCRAFT. 
AEROSTAT.—An aircraft whose support is chiefly due to buoyancy, its interior being 

occupied in the main by one or more bags or cells filled with a gas lighter than the 

surrounding air. Same as lighter-than-air craft. 

AIRPLANE.—A mechanically driven aircraft heavier than air, fitted with fixed wings, 

and supported by the dynamical action of the air. 

GLIDER.—A form of aircraft similar to an airplane, but without a power plant. 

HELICOPTER.—A form of aircraft heavier than air whose chief support in the air is 

derived from the vertical thrust of propellers. 
KITE.—A structure heavier than air, without other propelling means than the towline 

pull, the support being derived from the wind moving past its surfaces. 

ORNITHOPTER.—A form of aircraft heavier than air deriving its chief support and 

propelling force from flapping wings. 
PARACHUTE.—An apparatus used to retard the descent of a falling body by offering 

resistance to its motion through the air; usually made of light fabric, so that it may 

be packed in a small space in such a manner that it will readily unfold when released 

with a falling body attached. 

(Strictly speaking, not an aircraft.) 
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C. TYPES OF AEROSTATS. 
AIRSHIP.—An aerostat provided with a propelling system and with means of con¬ 

trolling the direction of motion. If its power plant is not operating, it acts like a 

balloon. 

Nonrigid.—An airship whose form is maintained by the internal pressure in the 

gas bags and ballonets. (Fig. 3.) 

Rigid.—An airship whose form is maintained by a rigid structure. (Fig. 4.) 

Semirigid.—-An airship whose form is maintained by means of a rigid or jointed 

keel, in combination with internal pressure in the gas containers and ballonets. 

(Fig. 5.) 

BALLOON.—An aerostat the form of which is maintained by the pressure of a con¬ 

tained gas lighter than the surrounding air, and which has neither power plant nor 

means of controlling the direction of flight in a horizontal plane. 

Barrage*—A small captive balloon, used to support wires or nets which are 

intended as a protection against attacks by airplanes. 

Captive.—A balloon restrained from free flight by means of a cable attaching it 
to the earth. 

Free.—A balloon, usually spherical, whose ascent and descent may be controlled 
by use of ballast or with a loss of the contained gas, and whose direction of 
flight is determined by the wind. (Fig. 11.) 

Kite.—An elongated form of captive balloon, fitted with lobes to keep it headed 

into the wind, and usually deriving increased lift due to its axis being inclined 
to the wind. (Fig. 2.) 

Nurse.*—A small balloon made of heavy fabric, employed as a portable means 
for storing gas. 

Pilot.*—A small balloon sent up to show the direction and speed of the wind. 

Sounding.*—A small balloon sent up without passengers but with recording 
meteorological instruments. 

D. TERMS RELATING TO AEROSTATS. 
{a) OPERATION. 

IN FLA I ION. -The act of filling a balloon or airship with gas in preparation for 
flight. 

INFLATION MANIIOLD. A metal connection with numerous inlets which per¬ 

mits the passage of gas at one time from a number of sources—either cylinders or 
gas holders—to the main inflation tube. 

GASSING The operation of replenishing the balloon with fresh gas to increase its 
purity or to make up for loss of gas due to leakage. 

DEFLATION.—The act of removing gas from an aerostat. 

DEFLATION SLEEVE. A sleeve or appendix fitted on the lower lobe of a kite 

balloon and used to permit the rapid escape of the air in the lobes when the balloon 
is hauled down. (Fig. 2.) 

BALLAST. Any substance, usually sand or water, taken in a balloon or airship and 

intended to be thrown out, if necessary, for the purpose of reducing the load carried, 
and thus altering the aerostatic relations. (Figs. 4 and 5.) 

DRAG ROPE. A long rope attached by one end to a toggle in the concentration 

ring of a free balloon, and which can be hung overboard so as to act as a brake 

and» a vaiiable ballast in making a landing. On airships a similar rope is used as a 

grab or mooring line by the landing party, and is sometimes called the grab line. 
Same as Trail rope. (Figs. 2, 3, 4 and 5.) 

DANGER CONES.—Pendents on the wire cable of a captive balloon, usually hollow 
cones of light cloth, to warn aircraft of its presence. 

HOG.—A distortion of an airship in which the longitudinal axis becomes convex 
upward, or both ends droop. 

•Those forms of ballons marked with an asterisk (*) are not, strictly speaking, aircraft. 
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D. TERMS RELATING TO AEROSTATS—Continued. 

(a) OPERATION—Continued. 
SAG.—A distortion of an airship in which the longitudinal axis becomes concave 

upward, or both ends rise. 
TAIL DROOP.—A deformation of an airship in which its longitudinal axis bends 

downward at the after end. 

PERFORMANCE CHARACTERISTICS.—-For an airship are, in general: 
(a) Maximum speed at various altitudes. 

(b) Maximum altitude attainable with definite weight relations and ballonet 
volume (if fitted). 

(c) Endurance at full and half power. 

(d) Static ceiling. 

(e) Dynamic lift under specified conditions. 

(b) PRINCIPAL PARTS. 

GAS CONTAINER.—-The bag or cell that contains the hydrogen or aerostatic gas. 
(Figs. 4 and 5.) 

HULL.—The main structure of a rigid airship, consisting of a covered elongated 

framework which incloses the gas bags and supports the cars and equipment. 
(Fig. 4.) 

CHORD WIRES.—Wires joining the vertices of the polygonal frame of the main 
transverse of the rigid airship. (Fig. 4.) 

OUTER COVER.—The outside covering of the hull of a rigid airship, usually of fabric. 
(Fig. 4.) 

ENVELOPE.—-The outside gas-containing fabric of a nonrigid or semirigid airship or 

balloon. It may be divided by diaphragms into separate gas compartments or cells, 

and may also contain internal air cells or ballonets. (Figs. 3, 5 and 11.) 

GORE.—The portion of the envelope of a balloon or airship included between two 
adjacent meridian seams. 

KEEL.—A member or assembly of members which contributes longitudinal strength 

to an airship of the rigid or semirigid type. In either case the keel is usually an 

elaborately trussed girder and may be inclosed within the envelope or may project 

below the regular cross-sectional form of the envelope. (Figs. 4 and 5.) 

Articulated.—A keel made up of a series of members connected at their ends 
by hinged joints. (Fig. 5.) 

LOBES.—Air inflated bags at the stern of a kite balloon designed to give it direc¬ 

tional stability. They may act as fins or stabilizers. (Fig. 2.) 

BALLONET.—A chamber constructed of fabric within the-interior of a balloon or 

airship for the purpose of controlling the ascent or descent by altering the aerostatic 

relations and for maintaining the pressure of the gas in the envelope so as to prevent 

deformation. The ballonet is kept inflated with air at the required pressure, under 

the control of valves by a blower or by the action of the wind caught in an air scoop. 

(Figs. 2, 3 and 5.) 

BALLONET DIAPHRAGM.—The fabric partitions between the gas and air compart¬ 

ments of the envelope of a nonrigid or semirigid airship or kite balloon. 

BOW STIFFENERS.—Rigid members attached to the bow of a nonrigid or semirigid 

envelope to reinforce it against the pressure caused by the motion of the airship 

Often called nose stiffeners or nose battens. (Figs. 3 and 5.) 

BOW CAP.—A cap of metal or fabric used to reinforce the extreme forward ends of 

the bow stiffeners. Also called nose cap. (Figs. 3, 4, and 5.) 

CAR.—That part of the structure of an airship arranged for carrying personnel, cargo, 
equipment, or power unit. (Figs. 3, 4, and 5.) 

BASKET. The car suspended beneath a balloon for carrying passengers, ballast, etc. 
(Figs. 2 and 11.) 
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D. TERMS RELATING TO AEROSTATS—Continued. 

(c) DETAILED PARTS AND FITTINGS. 
CONCENTRATION RING (LOAD RING): 

Airship.—A ring to which several rigging lines are brought from the envelope 

and from which one or more lines also lead to the car. 

Free Balloon.—A ring to which are attached the ropes suspending the basket 
and to which the net is also secured. (Fig. 11.) 

BRIDLE.—A sling or cordage which has its ends attached to the suspension band 

of a captive balloon or airship, or to intermediate points of preceding bridles, and 

itself supporting from an intermediate point the end of another bridle or a suspension 
rope. 

CROW ’S-FOOT.—A system of diverging short ropes for distributing the pull of a 
single rope. 

SUSPENSION LINES.—The system of lines, either cordage or metal, which supports 

weight attached to the envelope of a balloon or airship. (Figs. 2, 3, 5, and 11.) 

SUSPENSION BAND.—The horizontal fabric band securely fastened to the envelope 

ol a balloon or airship, to which are attached the main suspensions of the basket 
or car. (Figs. 2 and 5.) 

1RAJEC1ORY BAND.—A band of webbing carried in a curve over the top of the 

envelope of an airship to distribute the stresses due to the suspension. (Fig. 13.) 

PATCH.—A strengthened or reinforced flap of fabric, which is cemented to the en¬ 

velope and forms an anchor by which some portion of the structure is attached to 
the envelope. (Fig. 12.) 

DRIP BAND.—A strip of fabric attached by one edge to the envelope of an aerostat 

so that rain runs off its free edge instead of dripping into the basket or car. The 

drip band also assists in keeping the suspension ropes dry and nonconducting. 

RIP PANEL. A strip in the upper part of the envelope of a balloon or semirigid 

or nonrigid airship which is torn off or ripped when immediate deflation is desired. 
(Figs. 2 and 3.) 

RIP CORD.—The rope running from the rip panel to the car or basket, the pulling 

of which tears off or rips the rip panel and causes immediate deflation. (Figs. 2 
and 3.) 

SAFETY LOOP.—A loop formed immediately outside the fitting through which the 

rip cord emerges from the bottom of an aerostat. Before the rip panel can be 

opened by the rip cord, the fastening of this safety loop must be torn off by a strong 
pull on the cord. 

BONNET.—The appliance, having the form of a hood or parasol, which protects the 

valve of an airship or balloon against rain. (Also called “ Valve cover.”) (Figs. 2 
4, and 5.) ' 

MOORING LINE. A line attached near the bow of an airship by which it may be 
secured to the ground or to a mooring mast. (Figs. 3, 4, and 5.) 

MOORING CONE.—The grooved conical member which engages with a hollow cone 

at the top of the mooring mast and provides the coupling between the rigid airship 
and the mooring mast. (Fig. 4.) 

MOORING CONE OUTRIGGER.—The member, usually tubular, which supports 
the mooring cone at the bow of the rigid airship. (Fig. 4.) 

W INCH SUSPENSION.—The rigging by means of which the drag of the kite balloon 
is transmitted from the envelope to the towing or traction cable. (Fig. 2.) 

V W IRES.—The lower lines of the winch suspension of the kite balloon. They meet 
at the junction piece and form V’s, hence the name. (Fig. 2.) 

HANDLING LINES. Lines attached along the sides of an airship for use in handling 
near and on the ground. (Figs. 2, 3, 4, and 5.) 
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D. TERMS RELATING TO AEROSTATS—Continued. 

(c) DETAILED PARTS AND FITTINGS— Continued. 
FIELD HANDLING FRAME.—A portable frame, usually made of tubing and 

braced with wires, which is attached to the rigid airship when it is on the ground, 

and is intended to afford a grasp to more men than could get on the handling rails 

of the cars. These frames are rarely carried when in flight. (Fig. 4.) 

MOORING HARNESS.—A system of bands of tape over the top of a balloon to which 

are attached the mooring ropes. 

MOORING ROPES.—Lines attached to the mooring harness of a balloon for use 
in securing it to the ground. (Fig. 2.) 

MOORING BAND.—A band of tape or webbing over the top of a kite balloon to 

which are attached the mooring ropes. It forms part of a mooring harness. (Fig. 2.) 

MOORING LOOPS.—A system of cordage loops on the envelope of a kite balloon 
for suspending sandbags. 

NET: 

Free Balloon.—A rigging made of ropes and twine shaped to the upper surface 

of the envelope, which supports the weight of the basket, etc., distributing the 

load over the entire upper surface of the envelope. (Fig. 11.) 

Inflation.—A rectangular net of cordage used to restrain the envelope of a kite 

balloon or airship during inflation and before the car is attached. 

Rigid Balloon.—-A netting of cord, usually ramie, of small mesh which receives 

the first lift from the gas cells and imparts this lift to a wire netting of coarser 

mesh, both being fitted between the horizontals. (Fig. 4.) It may be compared 

to the net of a free balloon. 

APPENDIX.—The tube at the bottom of a balloon, used for inflation and deflation. 

In the case of a spherical balloon it also serves to increase the ‘'head” of gas, and 

so to build up an internal pressure sufficient to keep the envelope from being pulled 

out of shape by the weight of the basket. (Fig. 11.) 

APPENDIX MANHOLE.—An appendix in the kite balloon of large diameter and 

usually rather short. It is used more for access than for inflation or deflation. 

(Fig. 2.) 

INFLATION SLEEVE (or FILLING SLEEVE).—A tubular fabric attachment to 

an envelope or gas bag, serving as a lead for the inflating hose. (Figs. 3 and 5.) 

NURSING TUBE.—An elongated appendix or inflation sleeve, of the kite balloon, 

which is brought down to the basket and fitted with a quick connection coupling. 

This coupling can be attached to a similar piece on a tube on the deck of the ship 

and gas may be sent into the balloon within a few minutes after it has reached 

the deck. (Fig. 2.) 

AUTOMATIC VALVE.—A spring-controlled safety valve fitted to an envelope or 

gas bag for the purpose of preventing excessive internal pressure. (Figs. 4 and 5.) 

PRESSURE TUBE.—A tube fitted to the side of an envelope or gas bag, to which 

a pressure gauge may be attached. 

GLAND.—A short tube fitted to an envelope or gas bag in such a manner that a 

rope or line may pass through without leakage of gas or air. (Figs. 2 and 5,) 

AIR DUCT.—The duct which joins the vertical to the lateral lobes of a kite balloon; 

also supplies air to the ballonet blower of a semirigid airship. (Figs. 2 and 5.) 

AIR SCOOP.—A projecting scoop, which uses the wind or slipstream to maintain 

air pressure in the interior of the ballonet of an aerostat. (Fig. 2, 3, and 12.) 

A similar device is sometimes used on airplanes to produce ventilation. (Fig. 4.) 

TOGGLE.—A short crossbar of wood or metal, having a shouldered groove, which 

is fitted at the end of a rope at right angles to it. It is used for obtaining a quickly 

detachable connection with an eye at the end of another rope. (Fig. 2.) 
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D. TERMS RELATING TO A EROS TATS— Con tinned. 
(c) DETAILED PARTS AND FITTINGS—Continued. 

BATONET.—A small cylindrical piece of wood, or other material by means of which 
the rigging of the balloon or airship is attached to a fabric loop on the envelope. 
(A special form of toggle.) 

JACKSTAY.—A longitudinal rigging provided to maintain the correct distance 
between the heads of various rigging parts on an aerostat. 

SUSPENSION BAR.—A wooden bar to which the supporting ropes of the car of 
a balloon are secured, fitted also with ropes and toggles for attaching to the car 
suspensions from the balloon. (Also called u Trapeze bar.”) (Fig. 2.) 

THIMBLE.—A grooved ring of circular or heart-shaped form, generally of metal, 
which is inserted in the eye of a rope or wire to prevent chafing. 

D RING.—A ring having, as the name implies, the shape of a capital D, to which rope 
suspensions are attached. 

CORD GROMMET.—A small ring of cord. 

(d) MISCELLANEOUS TERMS. 

BUOYANCY: 
Center of.—The center of gravity of the air displaced by a balloon or airship. 

(It is approximately the center of gravity of the contained gas.) 
Gross.—The total upward force on an aerostat at rest; the total volume multiplied 

by the difference of weight density of the air and the contained gas. 
There is said to be a condition of positive buoyancy if the gross buoyancy 

of an aerostat is greater than its weight; but if the gross buoyancy is less than 
the weight, the condition is described as one of negative buoyancy. 

CAPACITY.—The volume, under specified conditions, of the gas-containing portion 
of an aerostat. For balloons and nonrigid airships this is the volume of the envelope 
completely inflated to normal pressure, with air ballonets empty; for rigid airships, 
it is the nominal volume of the gas cells at a standard degree of inflation, usually 
95 per cent. 

DISCHARGEABLE WEIGHT.—The excess of the gross buoyancy of an aerostat 
over the sum of the dead load and the weight of the crew and such items of equip¬ 
ment as are essential to enable an airship to fly and land safely. 

CEILING STATIC.—The altitude to which an airship will rise statically after removal 
of all dischargeable weights. 

MANOMETER PRESSURE.—The excess of pressure inside the envelope of an 
aerostat over the atmospheric pressure. In the case of an airship, the point of 
reference for the excess of pressure is the bottom of the gas cell. 

PERMEABILITY.—The measure of the rate of diffusion of gas through intact balloon 
fabric, usually expressed in liters per square meter of fabric per 24 hours, under 
standard conditions of pressure and temperature. 

PURITY (OF HYDROGEN OR OTHER AEROSTATIC GAS).—The ratio of the 
pressure of the hydrogen (or other aerostatic gas) in the container to the total 
pressure due to all the contained gases. 

E. TYPES OF AIRPLANES. 
AMPHIBIAN.—An airplane designed to rise from and alight on either land or water. 
SEAPLANE.—An airplane designed to rise from and alight on the water. 

Boat Seaplane (or Flying Boat) .—A form of seaplane having for its central 
portion a hull or boat which provides flotation in addition to serving as a 
fuselage. It is often provided with auxiliary floats or pontoons for lateral 
support on the water. (Fig. 9.) 

Float Seaplane.—A form of seaplane fitted with one or more floats or pontoons 
instead of a hull. (Fig. 10.) 
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E. TYPES OF AIRPLANES—Continued. 
LANDPLANE.—An airplane designed to rise from and alight on the land. (Figs. 1, 

6, and 14.) 
SHIPPLANE.—A land plane designed to rise from and alight on the deck of a ship. 

PUSHER.—An airplane with the propeller or propellers in the rear of the main sup¬ 

porting surfaces. (Figs. 9 and 14.) 

TRACTOR.—An airplane with the propeller or propellers forward of the main sup¬ 

porting surfaces. (Figs. 1, 6, and 10.) 

MONOPLANE.—An airplane which has but one main supporting surface, sometimes 

divided into two parts by the fuselage. (Fig. 6.) 

MULTIPLANE.—An airplane with two or more main supporting surfaces, placed one 
above another. 

BIPLANE.—An airplane with two main supporting surfaces, placed one above 
another. (Fig. 1.) 

TRIPLANE.—An airplane with three main supporting surfaces, placed one above 
another. 

QUADRUPLANE.—-An airplane with four main supporting surfaces, placed one 
above another. 

TANDEM.—An airplane with two or more sets of wings of substantially the same 

area (not including the tail unit), placed one in front of the other and on about the 

same level. 

F. TERMS RELATING TO AIRPLANES. 

(a) OPERATION AND MANEUVERS. 

BANK.—To incline an airplane laterally; i. e., to rotate it about its longitudinal axis. 

Right bank is to incline the airplane with the right wing down. 

Also used as a noun to describe the position of an airplane when its lateral axis is 
inclined to the horizontal. 

BARREL ROLL.—A maneuver in which a complete revolution about the longitudinal 

axis is made, the horizontal direction of flight being approximately maintained. 

LOOP.—A maneuver in which the airplane describes an approximately circular path 

in the plane of symmetry, the lateral axis remaining horizontal and the upper side 

of the airplane remaining on the inside of the circle. 

REVERSE TURN.—A rapid maneuver to reverse the direction of flight of an airplane, 

made by a half loop and half roll. 

SPIN.—A maneuver consisting of a combination of roll and yaw, with the longitudinal 

axis of the airplane inclined steeply downward. The airplane descends in a helix 

of large pitch and very small radius, the upper side of the airplane being on the inside 

of the helix and the angle of attack on the inner wing being maintained at an 

extremely large value. 

SIDE SLIPPING.—Flight in which the lateral axis is inclined and the airplane has 

a component of velocity in the direction of its lower end. When it occurs in 

connection with a turn it is the opposite of skidding (q. v.). 

SKIDDING.—Sliding sidewise away from the center of curvature when turning. 

It is usually caused by banking insufficiently and is the opposite of side slipping 

(q. v.). 

PANCAKE.—To “level off” an airplane at a greater altitude than in a normal land¬ 

ing, causing it to stall and descend with the wings at a very large angle of attack 

and approximately without bank, on a steeply inclined path. 

GLIDE.—To descend at a normal angle of attack without engine power sufficient for 

level flight, the propeller thrust being replaced by a component of gravity along 
the line of flight. Also used as a noun. 

DiyE.—A steep glide or flight. 
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F. TERMS RELATING TO AIRPLANES—Continued. 

(a) OPERATION AND MANEUVERS— Continued. 

SOAR.—To gain, or at least not lose, altitude, while flying without engine power. 

TAXI.—To run an airplane over the ground, or a seaplane on the surface of water, 

under its own power. 
ZOOM.—To climb for a short time at an angle greater than that which can be main¬ 

tained in steady flight, the airplane being carried upward at the expense of its 

kinetic energy. This term is sometimes used as a noun, to denote any sudden 

increase in the upward slope of the flight path. 
STALLING.—A term describing the condition of an airplane which from any cause 

has lost the air speed necessary for control. 
NOSE HEAVY.—The condition of an aircraft in which, in normal flight, the nose 

tends to drop if the longitudinal control is released; i. e., the condition in which 

the pilot has to exert a pull on the control stick or column to maintain the given 

attitude. 
TAIL HEAVY.—The condition of an aircraft in which, in normal flight, the tall 

tends to sink if the longitudinal control is released; i. e., the condition in which the 

pilot has to exert a push on the control stick or column to maintain the given 

attitude. 
TAIL SLIDE.—The backward and downward motion, tail first, which certain air¬ 

planes may be made to take after having been brought into a stalling position by 

a steep climb. 
CRITICAL SPEED.—The lowest speed of an airplane at which control can be 

maintained. 
MINIMUM SPEED.—The lowest steady speed which can be maintained by an air¬ 

plane in level flight, with any throttle setting whatever. 

WARP.—To change the form of a wing by twisting it. Warping is sometimes used 

to maintain the lateral equilibrium of an airplane. 

CEILING: 
Absolute.—The maximum height above sea level which a given airplane could 

reach theoretically, assuming standard air conditions. 

Service.—The height above sea level, assuming standard air conditions, at which 

a given airplane ceases to be able to rise at a rate higher than a small specified 

one (100 feet per minute in the United States and England). This specified 

rate may be different in different countries. 

PERFORMANCE CHARACTERISTICS.—For an airplane are as follows: 

(a) Maximum and minimum speed at various altitudes. 

(b) Rates of climb at various altitudes. 

(c) Time to climb to various altitudes. 

('d) The service ceiling. 

(e) The absolute ceiling. 

(/) The landing speed or minimum speed. 

{g) Power plant characteristics corresponding to above. 

POWER LOADING.—The gross weight of an airplane fully loaded divided by the 

normal brake horsepower of the engine computed for air of standard density, 

unless otherwise stated. 

(6) WING PARTS. 
WING.—The portion of a single main supporting surface on either side of the plane 

of symmetry; e. g., a biplane has four wings. (Figs. 1, 9, 10, and 14.) 

MAIN SUPPORTING SURFACE.—A set of wings, extending on the same gen¬ 

eral level from tip to tip of an airplane; e. g., a triplane has three main supporting 

surfaces. The main supporting surfaces include the ailerons, but no other surfaces 

intended primarily for control or stabilizing purposes. 
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F. TERMS RELATING TO AIRPLANES—Continued. 

(b) WING PAR TS—Continued. 
BAY.—The cubical or prismoidal section of a trussing included between two trans¬ 

versely adjacent sets of struts or bulkheads. The first bay of the wing trussing of 

an airplane is the one adjacent to the plane of symmetry. 

CELL.—The entire structure of the wings and wing trussing on one side of the fuse¬ 

lage of an airplane, or between fuselages or nacelles, where there are more than 
one; i. e., two or more bays. 

PANEL.—A separately constructed portion of a wing which is attached to the 
remainder by bolts and fittings. 

AILERON.—A hinged or pivoted movable auxiliary surface of an airplane, usually 

part of the trailing edge of a wing, the primary function of which is to impress a 
rolling moment on the airplane. (Fig. 1.) 

SKID FINS. Fore-and-aft vertical surfaces, usually placed above the upper wings, 

designed to provide vertical keel surface and so to increase lateral stability. (Figs. 
9 and 10.) 

DRAG W IRES. —All wires or cables designed primarily to resist drag forces. 

Internal Drag Wires are concealed inside the wings. (Fig. 1.) 

External Drag Wires run from a wing cell to the nose of the fuselage or some 
other part of the airplane. (Fig. 1.) 

ANTIDRAG WIRES.—-Wires designed primarily to resist forces acting parallel to 

the chords of the wings of an airplane and in the same direction as the direction of 
flight. They are, in general, inclosed in the wings. (Fig. 1.) 

LIFT WIRES.—The wires or cables which transmit the lift on the outer portion of 

the wings of an airplane in toward the fuselage or nacelle. These wires usually run 

from the top of an interplane strut to the bottom of the strut next nearer the fuse¬ 
lage. (Fig. 1.) 

ANTILIFT WIRES.—Wires designed primarily to resist forces in the opposite direc¬ 

tion to the normal direction of the lift, and to oppose the lift wires and prevent 

distortion of the structure by overtightening of those members. (Sometimes called 
“Landing wires.”) (Fig. 1.) 

STAGGER WIRES.—Wires connecting the upper and lower surfaces of an airplane 

and lying in planes substantially parallel to the plane of symmetry. (Also called 
“Incidence wires.”) (Fig. 1.) 

WING TRUSS.—The framing by which the wing loads of an airplane are transmitted 

to the fuselage; comprises struts, wires, cables, tie-rods, and spars. 

KING POST.—The main compression member of a trussing system applied to sup¬ 
port a single member subject to bending. (Figs. 4 and 6.) 

DRAG STRUT.—A fore-and-aft compression member of the internal bracing system 
of a wing. (Figs. 1 and 15.) 

WING RIB.—A fore-and-aft member of the wing structure of an airplane, used to 

give the wing section its form and to transmit the load from the fabric to the spars. 
(Figs. 1 and 15.) 

Rib Compression.—A heavy rib designed to have the above functions and 

also to act as a strut opposing the pull of the wires in the internal drag truss. 

(Also called Drag strut.) (Figs. 1 and 15.) 

Rib, Former or False.—An incomplete rib, frequently consisting only of a strip 

of wood extending from the leading edge to the front spar, which is used to 

assist in maintaining the form of the wing where the curvature of the airfoil sec¬ 
tion is sharpest. (Figs. 1 and 15.) 

WING SPARS. -The principal transverse structural members of the wing assembly 
of an airplane. (Figs. 1 and 15.) 
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F. TERMS RELATING TO AIRPLANES—Continued. 

(b) WING PAR TS—Continued. 

CABANE.—A pyramidal or prismoidal framework for supporting the wings at the 

fuselage. Also applied to the system of trussing used to support overhang in a wing. 

(Figs. 6, 9, and 10.) 

TAIL BOOM.—A spar or outrigger connecting the tail surfaces and main supporting 

surfaces. (Fig. 16.) 

(c) BODY PARTS. 
BODY.—The fuselage or hull (including cowling and covering) or nacelle (including 

cowling and covering) and nacelle mounting. (Figs. 1, 4, and 9.) 

FUSELAGE.—The elongated structure, of approximately streamline form, to which 

are attached the wings and tail unit of an airplane. In general it contains the power 

plant, passengers, cargo, etc. (Fig. 1.) 

MONOCOQUE FUSELAGE.—A type of fuselage construction wherein the structure 

consists of a thin shell of wood or metal, supported by bulkheads. The shell is 

designed to carry all stresses arising in the fuselage. 

SEMTMONOCOQUE FUSELAGE.—A type of fuselage construction wherein the 

structure consists of a thin shell of wood or metal supported by a framework of bulk¬ 

heads and longerons. The latter are designed to take stresses in bending, while 

the shell is designed to take the shearing stresses. 

VENEER FUSELAGE.—A type of fuselage which is built up by covering a framework 

of longerons and bulkheads with a plywood skin. 

NACELLE.—An inclosed shelter for passengers or for a power plant. A nacelle is 

usually shorter than a fuselage, and does not carry the tail unit. 

COCKPIT.—-The open spaces in which the pilot and passengers are accommodated. 

(Fig. 1.) When the cockpit is completely housed in it is called a cabin. 

BULKHEAD.—A transverse structural member of a fuselage or nacelle, continuous 

around a periphery. 

BAY.—The cubical or prismoidal section of a trussing included between two adjacent 

bulkheads. 

LONGERON.—A fore-and-aft member of the framing of an airplane fuselage or 

nacelle, usually continuous across a number of points of support. (Fig. 1.) 

STATION.—A term used to denote the location of a framing attachment in a fuselage 

or nacelle (strut points in a trussed fuselage, bulkhead points in a monocoque or 

veneer fuselage). 

FIRE WALL.—A fire-resistant transverse bulkhead, so set as to isolate the engine 

compartment from the other parts of the structure, and thus to reduce the risk 

from fire in the engine compartment. (Fig. 1.) 

COWLING.—A removable covering which extends over or around the engine, and 

sometimes over a portion of the fuselage or nacelle as well. (Fig. 1.) 

(<Z) LANDING GEAR PARTS. 
LANDING GEAR.—-The understructure of an aircraft designed to carry the load 

when in contact with the land or water. There are four types—boat type, float 

type, skid type, and wheel type. (Figs. 1, 6, 9, 10, and 14.) 

FLOAT (or PONTOON).—A completely inclosed water-tight structure attached to 

an aircraft in order to furnish it buoyancy when in contact with the surface of the 

water. In float seaplanes the crew is carried in a fuselage or nacelle separate from 

the float. (Fig. 10.) 

HULL.—-The portion of a boat seaplane which furnishes buoyancy when in contact 

with the surface of the water. The main supporting surfaces are attached to it and 

it contains accommodations for the crew and passengers. (Fig. 9.) 

FLOTATION GEAR.—An emergency gear attached to a land plane to permit alight¬ 

ing on the water and to provide buoyancy when resting on the surface of the water. 
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F. TERMS RELATING TO AIRPLANES^—Continued. 

(d) LANDING GEAR PARTS—Continued. 

STEP.—A break in the form of the bottom of a float or hull designed to assist in secur¬ 

ing a dynamic reaction from the water. 

SKIDS.—Runners used as members of the landing gear and designed to aid the air 
craft in landing or taxying. 

Tail Skid.—A skid used to support the tail when in contact with the ground. 
(Fig. 1,4, 6, and 14.) 

Wing Skid.—A skid placed near the wing tip and designed to protect the wing 
from contact with the ground. (Fig. 1.) 

SHOCK ABSORBER.—A spring or elastic member, designed to prevent the imposi¬ 

tion of large accelerations on the structure of the airplane when landing or taking off. 

Shock absorbers are usually interposed between the wheels, floats, or tail skid and 

the remainder of the airplane to secure resiliency in landing and taxying. (Fig. 1.) 
(<?) DIMENSIONS AND CHARACTERISTICS. 

ANGLE, LANDING.—The acute angle between the upper wing chord of an airplane 

and the horizontal when it is resting on the ground in its normal position. (Also 
called “Ground angle.”) (Fig. 1.) 

ANGLE OF WING SETTING.—The acute angle between the plane of the wing 

chords and the propeller axis. Its symbol is iw. (Also called “Angle of incidence of 
wing.”) (Fig. 1.) 

ANGLE OF STABILIZER SETTING.—The acute angle between the chord of the 

lower wings of an airplane and the chord of the stabilizer. This angle is denoted by 

the symbol (3 and is positive when the stabilizer has a greater angle of incidence than 

the wing. (Also called “Longitudinal dihedral” or “Longitudinal V.”) (Fig. 1.) 

DECALAGE.—The acute angle between the wing-chords of a biplane or multiplane. 
(Fig. 1.) 

DIHEDRAL ANGLE.—The acute angle between the wing and the lateral axis of 

the airplane projected on a plane perpendicular to the longitudinal axis of the 

airplane. In certain types of wings it is necessary to specify whether the upper or 

the lower surface is taken, and a special definition would be required for a warped 

wing. If the inclination of the wing is upward, the angle is said to be positive; 

if downward, negative. (Fig. 1.) The several main supporting surfaces of an air¬ 

plane may have different amounts of dihedral. The dihedral angle has the symbol y. 

GAP. -The distance between the planes of the chords of the upper and lower wings of 

a biplane, measured along a line perpendicular to the chord of the upper whig at any 

designated point of its leading edge. (Fig. 1.) Its symbol is G. 
MEAN CHORD OF A WING.—The quotient obtained by dividing the wing area by 

the extreme dimension of the wing projection at right angles to the chord. 

MEAN CHORD OF A COMBINATION OF WINGS.—The ratio 

cxS j -f- c2S2 + c3S3 +. 

+ $., T S3 -t-. 

where c1} c2, c3, etc., are the mean chords of the various wings, and Su S2, S3, etc., 
are their areas. 

OVERHANG. One-half the difference in the span of any two main supporting sur¬ 

faces of an airplane. The overhang is positive when the upper of the two main 
supporting surfaces has the larger span. (Fig. 1.) 

SWEEP BACK.—The acute angle between the lateral axis of an airplane and the 

projection of the leading edge of the wing on a plane which includes the lateral and 
longitudinal axes. (Fig. 1.) 
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F. TERMS RELATING TO AIRPLANES—Continued. 

(e) DIMENSIONS AND CHARACTERISTICS—'Continued. 
RAKE.—The cutting away of the wing tip at an angle so that the plan form of the 

main supporting surfaces is trapezoidal. The amount of rake is measured by the 

acute angle between the straight portion of the wing-tip outline and the plane of 

symmetry. The rake is positive when the trailing edge is longer than the leading 

0dp*B. 1 •) 

SPAN\—The maximum distance measured parallel to the lateral axis from tip to 

tip of an airplane wing, inclusive of ailerons. (Fig. 1.) 
STAGGER—The amount of advance of the leading edge of an upper wing of a 

biplane, triplane, or multiplane over that of a lower, expressed either as percentage 

of gap or in degrees of the angle whose tangent is the percentage just referred to. 

It is considered positive when the upper wing is forward, and is measured from the 

leading edge of the upper wing along its chord to the point of intersection of this 

chord with a line drawn perpendicular to the chord of the upper wing at the lead¬ 

ing edge of the lower wing, all lines being drawn in a plane parallel to the plane of 

symmetry. (Fig. 1). 
WASHIN.—Permanent warping of the wing which results in an increase in the angle 

of attack near the tip. 
WASHOUT.—Permanent warping of a wing which results in a decrease in the angle 

of attack near the tip. 
WING LOADING.—The gross weight of an airplane, fully loaded, divided by the 

area of the supporting surface. The area used in computing the wing loading 

should include ailerons, but not the stabilizer or elevators. 
LENGTH OF FUSELAGE.—The distance from the nose of the fuselage (including 

the engine bed and radiator, if present) to the after end of the fuselage, not includ¬ 

ing the control and stabilizing surfaces. 
OVER-ALL LENGTH—The distance from the extreme front to the extreme rear of 

an aircraft, including the propeller and the tail unit. 

G. TERMS COMMON TO AEROSTATS AND AIRPLANES. 
(a) PARTS. 

RIGGER.—One who is employed in assembling and aligning aircraft. 

RIGGING—The assembling, adjusting, and aligning of the parts of an airplane, or 

the attachment and adjustment of the car, rudders, valves, controls, etc., of an 

airship. 
CONTROLS.—A general term applying to the means provided to enable the pilot to 

control the speed, direction of flight, attitude, and power of an aircraft. 

CONTROL COLUMN OR YOKE.—A control lever with a rotatable wheel mounted 

at its upper end. CSee Control stick.) Pitching is controlled by fore-and-aft move¬ 

ment of the column; rolling, by rotation of the wheel. 

‘‘Wheel (or dep) control” is that type of control in which such a column or yoke 

is used. 
CONTROL STICK.—The vertical lever by means of which the longitudinal and lat- 

* eral controls of an airplane are operated. Pitching is controlled by a fore-and-aft 

movement of the stick, rolling by a side-to-side movement. (Fig. 1.) 

‘1 Stick control” is that type of control in which such a stick is used. 

RUDDER BAR.—The foot bar by means of which the control cables leading to the 

rudder are operated. (Fig. 1.) 
CONTROL SURFACE.—A movable surface designed to be rotated or otherwise moved 

by the pilot in order to change the attitude of the airplane or airship. 

BALANCED SURFACE.—A control surface which extends on both sides of the axis 

of the hinge or pivot in such a manner as to reduce the moment of the air forces 

about the hinge. (Figs. 1, 3, 4, and 5.) 
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G. TERMS COMMON TO AEROSTATS AND AIRPLANES— Continued. 

(a) PARTS—Continued. 
HORN.—The operating lever of a control surface of an aircraft; e. g., aileron horn, 

rudder horn, elevator horn. (Figs. 1, 3, and 4.) 

STABILIZER.—A normally fixed surface at the rear end of an aircraft, approxi¬ 

mately parallel to the plane of the longitudinal and lateral axes, whose function 

is to stabilize the pitching motion. (Also called “Tail plane.”) (Fig. 1.) 

RUDDER.—A movable auxiliary surface, usually attached at the rear end of an air¬ 

craft, the function of which is to impress a yawing moment upon the aircraft. 
(Figs. 1, 3, 4, and 5.) 

ELEVATOR.—A movable auxiliary surface, usually hinged to the stabilizer, the 

function of which is to impress a pitching moment on the aircraft. (Figs. 1, 3, 4, 
and 5.) 

TAIL GROUP (or TAIL UNIT).—The stabilizing and control surfaces at the rear 

end of an aircraft, including stabilizer, fin, rudder, and elevator. (Also called 
“Empennage.”) 

FINS.—Small fixed surfaces, attached to different parts of aircraft, parallel to the 

longitudinal axis, in order to secure stability; for example, tail fins, skid fins, etc. 

Fins are in the great majority of cases substantially vertical, and are sometimes 
adjustable. (Fig. 1, 3, 4, 5, 6, 9, 10, and 14.) 

INSPECTION WINDOW.—A small transparent window fitted in the envelope of a 

balloon or airship, or in the wing of an airplane, to allow inspection of the interior. 
(Figs. 1 and 3.) 

(b) PERFORMANCE AND CONDITIONS OF FLIGHT. 
AIRSPEED.—The speed of an aircraft relative to the air. Its symbol is V. 
GROUND-SPEED.—The horizontal component of the velocity of an aircraft relative 

to the earth. 

FLIGFIT PATH.—The path of the center of gravity of an aircraft with reference to 
the earth. 

LEEWAY.—The lateral velocity of an aircraft caused by horizontal air currents. 

DRIFT.—The lateral velocity of an aircraft, due to air currents or other causes. 

DRIFT ANGLE.—The angular deviation of an aircraft from a set course. 

RELATIVE WIND.—The motion of the air with reference to a body; i. e., its motion 

as observed by a man at rest on the body. The direction and velocity of the relative 

wind, therefore, are found by adding two vectors, one being the velocity of the air 

with reference to the earth, the other being equal and opposite to the velocity of 
the body with reference to the earth. 

RATE OF CLIMB.—The vertical component of the airspeed of an aircraft; i. e., its 
vertical velocity with reference to the air. 

ENDURANCE.—The maximum length of time an aircraft can remain in the air at a 

given speed at a stated altitude. Full speed and sea level are implied when the 
word is used without specifications. 

MANEUVERABILITY.—That quality in an airplane which makes it possible for the 
pilot to change its attitude rapidly. 

CONTROLLABILITY.—The quality in an airplane which makes it possible for the 

pilot to change its attitude easily and with the exertion of little force. 

WASH.—The disturbance in the air produced by the passage of an airfoil. (Also 
called the “wake,” in the general case for any solid body.) 

53000—23-43 
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G. TERMS COMMON TO AEROSTATS AND AIRPLANES—Continued. 

(b) PERFORMANCE AND CCNDITIONS OF FLIGHT— Continued. 

LOAD: 
Dead.—The structure, power plant, and fixed equipment of an aircraft. Included 

in this fixed equipment are the water in the radiator and cooling system, all 

essential instruments and furnishings, fixed electric wiring for lighting, heating, 

etc., and also, in the case of an aerostat, the amount of ballast which must be 

carried to assist in making a safe landing. 

Full.—Dead load plus useful load. 
Pay.—That part of the useful load from which revenue is derived, viz, passengers 

and freight. 
Useful.—The crew and passengers, oil and fuel, ballast, ordnance and portable 

equipment. 
LOAD FACTOR.—The ratio of the breaking load of a member to the load under 

conditions of horizontal steady rectilinear flight. 

DYNAMIC FACTOR.—The ratio between the load carried by any part of an aircraft 

when accelerating or when otherwise subjected to abnormal conditions and the load 

carried in normal flight, the conditions of such loadings being specified. 

FACTOR OF SAFETY.—The ratio of the breaking load of a member to the maximum 

load which can occur in actual use under specific conditions. 

PERFORMANCE TESTING.—The process of determining performance character¬ 

istics. 

H. MATERIALS AND STRUCTURE. 
BALLOON FABRIC.—The finished material, usually rubberized, of which balloon or 

airship envelopes are made. 
Biased.—Plied fabric in which the threads of the plies are at an angle to each 

other. 
Parallel.—Plied fabric in which the threads of the plies are parallel to each other. 

PANEL.—The unit piece of fabric of which the envelope of an aerostat is made. 

PROOFING.—Material incorporated in the fabric of an aerostat at the time of manu¬ 

facture, to increase its resistance to the weather and to prevent the passage of gas. 

DOPE, AIRPLANE.—The liquid material applied to the cloth surface of airplane 

members to increase strength, to produce tautness, and to act as a filler which main¬ 

tains air-tightness. 

DOPE, AIRSHIP.—The liquid material applied to airship fabric to increase gas- 

tightness. In contrast with airplane dope, it does not cause shrinking. 

LAMINATED WOOD.—A product formed by gluing or otherwise fastening together 

individual wood planks or laminations with the grain substantially parallel. 

VENEER.—1Thin sheets of wood, either sliced with a knife or sawed. 

PLYWOOD.—A product formed by gluing together two or more layers of veneer. 

WIRE.—In aeronautics refers specifically to drawn solid wire. 

STAY.—A wire or other tension member; for example, the stays of the wing and body 

trussing. (Fig. 1.) 

STRUT.—A compression member of a truss frame. For instance, the vertical mem¬ 

bers of the wing truss of a biplane (interplane struts) and the short vertical and hor¬ 

izontal members separating the longerons (q. v.) in the fuselage. (Fig. 1.) 

FAIRING.—An auxiliary member or structure whose primary function is to reduce 

head resistance or drag of the part to which it is fitted, and which does not in general 

bear any stress. 

FITTING.—A generic term for any small metal part used in the structure of an air¬ 

plane or airship. 
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7. AIRPORT AND LANDING FIELD TERMS. 
AIRPORT.—The terminal of an airway. It provides a tract of land or water so that 

aircraft may alight with safety, and also offers facilities for operation, such as han¬ 

gars, shops, supply depots, etc. 

HANGAR.—A shelter for housing aircraft. 

SHED.—A shelter for housing airships. 

LANDING FIELD.—A field of such a size and nature as to permit of airplanes land¬ 
ing and taking off in safety. 

LANDING T.— A white mark shaped like the capital letter T laid out on the landing 

area of a landing field to indicate the direction of the wind for guidance in landing 
and take-off of airplanes. 

WIND CONE.—A sleeve of light fabric shaped like a truncated cone when inflated 

and suspended by one end from a rigid support. When suitably suspended, if there 

is a wind it stands out nearly horizontally and indicates its direction: or in the ab¬ 
sence of a wind it is not inflated, and thus indicates the fact. 

RUNWAY (LANDING FIELD).—A smooth and elongated area on a landing field 

along which the airplanes alight and take off. Also a temporary surface erected on 

a landing field when it is muddy or soft to facilitate the take-off and alighting of 
airplanes. 

RUNWAY (HANGAR FOR SEAPLANES).—A firm inclined surface leading from 

the entrance of a hangar for seaplanes into the water. Seaplanes are beached on 
this surface and drawn up it for storage in the hangar. 

APRON.—An open working surface, with a firm floor, in front of a hangar for the 
storage or handling of airplanes. 

MOORING MAST.—A mast or tower at the top of which there is mounted a fitting so 

that the bow of an airship may be secured. It is usually provided with a ladder or 

staircase and a platform at the top so that crew and passengers may enter or leave 

the airship, and also with piping for the supply of fuel, gas, and water. 

BALLOON BED.—A mooring place on the ground for a captive balloon. 

GROUND CLOTH.—Canvas placed on the ground to protect an aerostat. 
J. AERODYNAMIC TERMS. 

(a) AXES, ANGLES, FORCES, ETC. 
AXES OF AN AIRCRAFT.—Three fixed lines of reference, usually centroidal and 

mutually perpendicular. (Part III.) 

The principal longitudinal axis in the plane of symmetry, usually parallel to the 

axis of the propeller, is called the longitudinal axis; the axis perpendicular to this in 

the plane of symmetry is called the normal axis; and the third axis, perpendicular to 

the other two, is called the lateral axis. In mathematical discussions the first of 

these axes, drawn from front to rear, is called the A axis; the second, drawn up¬ 

ward, the Z axis, and the third, running from right to left, the Y axis. 

ATTITUDE.—The position of an aircraft as determined by the inclination of its axes 

to some frame of reference. If not otherwise specified, this frame of reference is 

fixed to the earth, and the attitude depends entirely on the position of the aircraft as 
seen by an observer on the ground. 

REYNOLDS NUMBER.—A name given the fraction p—-in which 
M 

P is the density of the air; 

Vis the relative velocity of the air; 

l is a linear dimension of the body; 

p is the coefficient of viscosity of the air. 

SKIN FRICTION.—The tangential component of the fluid force at a point on a sur¬ 
face. 
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J. AERODYNAMIC TERMS—Continued. 
(a) AXES, ANGLES, FORCES, ETC.—Continued. 

DYNAMIC (OR IMPACT) PRESSURE.—The product 1/2 p V2 where p is the density 
of the air and Fis the relative speed of the air. It is the quantity measured by most 

airspeed instruments. Its symbol is q. 
DYNAMIC LOAD.—Any load due to accelerations of an aircraft, and therefore pro¬ 

portional to its mass. 
DRAG.—The component parallel to the relative wind of the total air force on an air¬ 

craft or airfoil. Its symbol is D. 

The “Absolute drag coefficient” is CD as defined by the equation = in which 

D is the drag, q is the impact pressure and S is the effective area of the 

surface upon which the air force acts. 
In the case of an airplane, that part of the drag due to the wings is called “wing 

drag”; that due to the rest of the airplane is called “structural drag” or “parasite 

resistance.” 
Drag, Induced.—That portion of the drag which would be experienced in a 

nonviscous fluid. 
LIFT.—The component perpendicular to the relative wind and in the plane of sym¬ 

metry of the total air force on an aircraft or airfoil. It must be specified whether 
this applies to a complete aircraft or to parts thereof. (In the case of an airship 
this is often called “dynamic lift”.) Its symbol is L. 

L 
The “Absolute lift coefficient” is Ch as defined by the equation CL = —g, in which 

L is the lift, q is the impact pressure and S is the effective area of the 

surface upon which the air force acts. 
CROSS-WIND FORCE.—The component perpendicular to the lift and to the drag 

of the total air force on an aircraft or airfoil. Its symbol is C; and its absolute 
C 

coefficient Cc is defined by Cc = 

ATTACK, ANGLE OF.—The acute angle between the chord of an airfoil and its 
direction of motion relative to the air. (This definition may be extended to other 

bodies than airfoils.) Its symbol is a. 
CRITICAL ANGLE.—An angle of attack at which the flow about an airfoil changes 

abruptly, with corresponding abrupt changes in the lift and drag. 
PITCH, ANGLE OF.—The acute angle between two planes defined as follows: One 

plane includes the lateral axis of the aircraft and the direction of the relative wind; 
the other plane includes the lateral axis and the longitudinal axis. (In normal 
flight the angle of pitch is, then, the angle between the longitudinal axis and the 
direction of the relative wind.) This angle is denoted by 9, and is positive when 

the nose of the aircraft rises. 
ROLL, ANGLE OF (or BANK, ANGLE OF).—The acute angle through which an 

aircraft must be rotated about its longitudinal axis in order to bring its lateral 
axis into a horizontal plane. This angle is denoted by F, and is positive when the 

left wing is higher than the right. 
YAW, ANGLE OF.—The acute angle between the direction of the relative wind and 

the plane of symmetry of an aircraft. This angle is denoted by F, and is positive 

when the aircraft turns to the right. 
AILERON ANGLE.—The acute angle between the aileron and the wing. It is pos¬ 

itive when the trailing edge is pulled down. 
ELEVATOR ANGLE.—The acute angle between the elevator and the stabilizer. 

It is positive when the trailing edge is pulled down. 
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.7. AERODYNAMIC TERMS—Continued. 

(a) AXES, ANGLES, FORCES, ETC.—Continued. 

RUDDER ANGLE.—The acute angle between the rudder and the plane of symmetry 

of the aircraft. It is positive when the trailing edge moves to the left with reference 

to the normal position of the pilot. 

DOWNWASH ANGLE.—The angle through which an air stream is deflected by any 

lifting surface of an airplane. It is measured in a plane parallel to the plane of 

symmetry, and is denoted by the symbol e. 

ANGLE, GLIDING.—The acute angle between the horizontal and the path along 

which an airplane in ordinary flying attitude descends in still air when the propel¬ 
ler is giving no thrust. 

ZERO LIFT ANGLE.—The angle of attack of an airfoil when the lift is zero. 

ZERO LIFT LINE.—A line through the trailing edge of an airfoil section parallel 

to the direction of the wind when the lift is zero. 

RUDDER TORQUE.—The twisting moment exerted by the rudder on the fuselage. 

The product of the rudder area by the distance from its center of area to the axis 

of the fuselage may be used as a relative measure of rudder torque. 
(b) MISCELLANEOUS TERMS. 

AIRFOIL.—A winglike structure, flat or curved, e. g., a fin, wing, aileron, rudder, 

etc. Its function is to cause forces to be exerted perpendicular to its surfaces by 

the dynamical action of the air through which it moves. 

The words “control surface,” “lifting surface,” and “stabilizing surface” are 

often used to indicate an airfoil used for a specific purpose. 

AIRFOIL SECTION (or PROFILE).—A cross section of an airfoil made by a plane 

perpendicular to its lateral axis. 

Any definite airfoil, even when considered by itself, as in a wind-tunnel experi¬ 

ment, is always designed with reference to a definite position in an aircraft; certain 

airfoils are to be used horizontally, e. g., wings, ailerons, stabilizer; others vertically, 

e. g., rudders, fins. In the former case the section (or profile) is the cross section 

made by the plane of symmetry of the aircraft; in the latter, by a horizontal plane. 

LEADING EDGE.—The foremost edge of an airfoil or propeller blade. (Also called 

entering edge.) 

TRAILING EDGE.—The rearmost edge of an airfoil or propeller blade. 

CHORD (OF AN AIRFOIL SECTION).—The line of a straight edge brought into con¬ 

tact with the lower surface of the section at two points; in the case of an airfoil 

having double convex camber, the straight line joining the leading and trailing edges. 

(These edges may be defined, for this purpose, as the two points in the section which 

are farthest apart.) (Fig. 1.) 

The line joining the leading and trailing edges should be used also in those cases in 

which the lower surface is convex except for a short flat portion. The method used 

for determining the chord should always be explicitly stated for those sections with 

regard to which ambiguity seems likely to arise. 

Chord Length.—The length of the projection of the airfoil section on its chord 

Its symbol is c. 
CAMBER.—The convexity or rise of the curve of an airfoil section from its chord, 

usually expressed as the ratio of the maximum departure of the curve from the chord 

to the length of the chord. “ Top camber ” refers to the upper surface of an airfoil and 

“bottom camber” to the lower surface; “mean camber” is the mean of these two. 

In the case of airfoils having both surfaces convex outward, e. g., portions of a 

propeller blade, top camber is the maximum distance of the upper surface from 

the chord, bottom camber is the maximum distance of the lower surface from the 

chord, camber ratio is the ratio of the maximum thickness of the airfoil to the length 
of the chord. 
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J. AERODYNAMIC TERMS—Continued. 
(b) MISCELLANEOUS TERMS—Continued. 

SPAN.—The lateral dimension of an airfoil; i. e., its dimension perpendicular to its 
chord. Its symbol is 6. 

ASPECT PATIO.—The ratio of span to mean chord of an airfoil; i. e., the ratio of the 
square of the span to the area of an airfoil. 

CENTER OF PRESSURE OF AN AIRFOIL SECTION.—The point in the chord of 
an airfoil section, prolonged if necessary, which is the intersection of the chord and 
the line of action of the resultant air force. Its abbreviation is C. P. 

CENTER OF PRESSURE COEFFICIENT.—The ratio of the distance of the center 
of pressure from the leading edge to the chord length. Its symbol is Cp. 

STREAMLINE.—The path of a small portion of a fluid relative to a solid body with 
respect to which the fluid is moving. The term is commonly used only of such flows 
as are not eddying, but the distinction should be made clear by the context. 

STREAMLINE FLOW.—Flow past a solid body without any discontinuity in the 

pressure or velocity distribution. 
STREAMLINE FORM.—A solid body which produces streamline flow. 
WIND TUNNEL.—An elongated chamber through which a steady air stream may be 

drawn by a suction fan. Models of airfoils of aircraft or of propellers may be placed 
in the middle portion of the tunnel, called the experimental chamber, and supported 
by suitable balances placed outside the air stream, so that the forces, moments, etc., 
due to the moving air may be measured. 

(c) STABILITY THEORY. 
STABILITY.—That property of a body which causes it, when disturbed from a condi¬ 

tion of equilibrium or steady motion, to develop forces or moments of such a character 
as to tend to restore the body to its original condition. 

Automatic.—Stability dependent upon movable control surfaces automatically 
operated by mechanical means. 

Inherent.—Stability of an aircraft due solely to the disposition and arrangement 
of its fixed parts; i. e., that property which causes it, when disturbed, to return 
to its normal attitude of flight without the use of controls or the interposition 
of any mechanical devices. 

Directional.—Stability with reference to rotations about the normal axis; i. e., 
an airplane possesses directional stability in its simplest form if a restoring 
moment comes into action when it is given a small angle of yaw. Owing to 
symmetry, directional stability is closely associated with lateral stability. 

Lateral.—Stability with reference to disturbances involving rolling, yawing, or 
side slipping; i. e., disturbances in which the position of the plane of symmetry 
of the aircraft is affected. 

Longitudinal.—Stability with reference to disturbances in the plane of sym- 
metry; i. e., disturbances involving pitching and variation of the longitudinal 
and normal velocities. 

Spiral Instability.—A type of instability inherent in certain airplanes which 
becomes evident when the airplane, as a result of a yaw, assumes too great a 
bank and side slips; the bank continues to increase and the radius of the turn 
to decrease. 

Statical Stability.—Stability of such a character that if the airplane is dis¬ 
placed slightly from its normal attitude by rotation about an axis through its 
center of gravity (as may be done in wind tunnel experiments) moments come 
into play which tend to return the airplane toward its original attitude. 
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AERODYNAMIC TERMS—Continued. 
(c) STABILITY THEORY—Continued. 

STABILITY—Continued. 
Dynamical Stability.—Stability of such a character that if the airplane is dis¬ 

placed from steady motion in flight it tends to return to that steady state of 
motion, the oscillations due to restoring moments being damped out. 

In a general way, the difference between static stability and dynamical sta¬ 
bility is that the former depends on restoring moments alone, while the latter 
includes the action of damping factors. 

STABLE OSCILLATION.—An oscillation whose amplitude decreases continuously. 
UNSTABLE OSCILLATION.—An oscillation whose amplitude increases contin¬ 

uously till the whole motion is changed. 
PHUGOID OSCILLATION.—-A long-period oscillation characteristic of the dis¬ 

turbed longitudinal motion of an airplane. This is referred to when it is said that 
an airplane “ hunts.” 

PERIOD.—The time taken for a complete oscillation. 
RIGHTING MOMENT (OR RESTORING MOMENT).—A moment which tends to 

restore an aircraft to its previous attitude after any small rotational displacement. 
DIVERGENCE.—A motion in which, after a disturbance, the body departs contin¬ 

uously without oscillations from its original state of motion. 
DAMPED HARMONIC MOTION.—Motion defined by the differential equation 

a§+bTt+es = 0’ 
in which 

a is the mass (or moment of inertia), 
s is the displacement, 
l is the coefficient of damping force (or moment), 
c is the coefficient of force (or moment) of restitution. 

The ratio ~ is called the damping coefficient. 

The solution of the equation is 

in which 

s = Me=xt sin pt, 

\ — 1 ^ _ I c 
X~ 2a 

X2 

A is the amplitude at the instant from which time it) is counted. 
DAMPING FACTOR.—The term e~u in the equation of damped harmonic motion 

s = Ae~M sin pt. 
LOGARITHMIC DECREMENT.—The product X T where X is the coefficient appear¬ 

ing in the damping factor of damped harmonic motion and T is the period of the 

motion ^equal to —(See Damped harmonic motion.) 

RESISTANCE DERIVATIVES.—Quantities expressing the variation of the forces 
and moments on aircraft due to disturbance of steady motion. They form the 
experimental basis of the theory of stability, and from them the periods and damping 
factors of aircraft can be calculated. In the general case there are 18 translatory 

and 18 rotary derivatives. 
Rotary.—Resistance derivatives expressing the variation of moments and forces 

due to small changes in the rotational velocities of the aircraft. 
Translatory.—Resistance derivatives expressing the variation of moments and 

forces due to small increases in the translational velocities of the aircraft. 
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J. AERODYNAMIC TERMS—Continued. 
(c) STABILITY THEORY— Continued. 

RESISTANCE DERIVATIVES—Continued. 
Longitudinal.—-Resistance derivatives expressing the variation of moments and 

forces due to small increases in the longitudinal, normal, and pitching velocities. 
Lateral.—Resistance derivatives expressing the variation of moments and forces 

due to small increases in the lateral, yawing, and rolling velocities. 
K. PROPELLER TERMS. 

(a) MISCELLANEOUS. 
BLADE FACE.—The surface of a propeller blade which corresponds to the lower 

surface of an airfoil. (Sometimes called “Thrust face.”) 
BLADE BACK.—The cambered side of a propeller blade, corresponding to the upper 

surface of an airfoil. 
PROPELLER HUB.—The metal fitting inserted in a wooden propeller for the pur¬ 

pose of mounting it on the engine shaft. (Fig. 1.) 
PROPELLER BOSS.—The central portion of a propeller in which the huh is mounted. 

(Fig. 1.) 
PROPELLER ROOT.—That part of the propeller blade near the boss. (Fig. 1.) 
TIPPING (OR SHEATHING).—A sheet metal (or equivalent) protective covering 

of the blade of a propeller near the tip, extended a short distance along the trailing 
edge and a considerable distance along the leading edge. (Fig. 1.) 

PUSHER PROPELLER.—A propeller which is placed at the rear end of its shaft and 
pushes against the thrust bearing. 

TRACTOR PROPELLER.—A propeller which is placed at the forward end of its 
shaft and pulls on the thrust bearing. 

SPINNER.—A fairing, usually made of sheet metal and approximately conical or 
paraboloidal in form, which is attached to the propeller boss and revolves with it. 
(Fig. 1.) 

INDRAFT (INFLOW).—The flow of air from in front of the propeller into the blades. 
SLIPSTREAM.—The stream of air driven astern by the propeller. (The indraft is 

sometimes included also.) 
RACE ROTATION.—The rotation of the air influenced by a propeller. This rotation 

is much more marked in the slipstream than in front of the propeller. 
(b) AERODYNAMICAL. 

PROPELLER SECTION.—A cross-section of a propeller blade made at any point by 
a plane perpendicular to the blade axis. 

PROPELLER CAMBER RATIO.—The ratio of the maximum thickness of a pro¬ 
peller section to its chord. 

ASPECT RATIO OF PROPELLER BLADE.—The ratio of propeller radius to 
maximum blade width. 

ANGLE OF PROPELLER BLADE.—The acute angle between the chord of a pro¬ 
peller section and a plane perpendicular to the axis of rotation of the propeller. 
(Usually “Blade angle.”) 

BLADE WIDTH RATIO.—The ratio of the developed width of a propeller blade at 
any point to the circumference of the circle whose radius is the distance of that point 
from the propeller axis. 

TOTAL PROPELLER WIDTH RATIO.—The product of blade width ratio at the 
point of maximum blade width by number of blades. 

PROPELLER RAKE.—The angle which, the line joining the centroids of the sections 
of a propeller blade makes at the axis, with a plane perpendicular to the axis. 

PROPELLER BLADE AREA.—The area of the blade face, exclusive of the boss and 
the root; i. e., of a portion which is usually taken as extending 0.2 of the radius from 
the axis of the shaft. 
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K. PROPELLER TERMS--Continued. 

.(b) AREODYNAMICAL—Continued. 

PROPELLER DISK AREA, TOTAL.—The total area swept by a propeller; i. e., 

the area of a circle having a diameter equal to the propeller diameter. 

PROPELLER AREA, PROJECTED.—The total disk area less that portion extend¬ 

ing 0.2 of the radius from the axis of the shaft. 

PROPELLER THRUST.—The component parallel to the propeller axis of the total 

air force on the propeller. Its symbol is T. 
STATIC THRUST.—The thrust developed by a propeller when rotating at a fixed 

point. 

PROPELLER TORQUE.—The moment produced on the propeller by the engine 
shaft. Its symbol is Q. 

PROPELLER INTERFERENCE.—The amount by which the torque and thrust of 

a propeller are changed by the modification of the air flow in the slipstream produced 

by bodies placed near the propeller, such as the engine, radiator, etc. 

PROPELLER EFFICIENCY.—The ratio of thrust power to power output of a pro¬ 

peller. Its symbol is rj. 

PROPELLER LOAD CURVE.—A curve representing engine power necessary to 

drive any given propeller at various speeds. The power required varies directly as 

the cube of the speed in R. P. M., provided the ratio jj remains constant. 

PITCH OF A PROPELLER. 

(a) Pitch, Aerodynamic.—The distance a propeller would have to advance in 

, one revolution in order that the torque might be zero. Its symbol is pa. 
(b) Pitch, Effective.—-The distance an aircraft advances along its flight path 

for one revolution of the propeller. Its symbol is pe. 
(c) Pitch, Geometrical.—The distance an element of a propeller would advance 

in one revolution if it were moving along a helix of slope equal to its blade 

angle. 

(d) Pitch, Mean Geometrical.—The mean of the geometrical pitches of the 

several elements. Its symbol is pg. 
(e) Pitch, Standard.—The geometrical pitch taken at two-thirds of the radius. 

(Also called “Nominal pitch”.) Its symbol is ps. • 

(f) Pitch, Virtual.—The distance a propeller would have to advance in one revo¬ 

lution in order that there might be no thrust. (Also called “Experimental 

mean pitch”.) Its symbol is pv. 
PITCH RATIO.—The ratio of the pitch to the diameter. 

PITCH SPEED.—The product of the mean geometrical pitch by the number of revo¬ 

lutions of the propeller in unit time; i. e., the speed the aircraft would make if 

there were no slip. 

EFFECTIVE HELIX ANGLE.—The angle whose tangent is the ratio of the veloc¬ 

ity of flight to the product of the three quantities: 2 ir, r, the distance from the axis 

to the point in question, and n, the number of revolutions per second; i. e., 

$ = tan-1 ( • 
\2 7rrnj 

SLIP.—The difference between the mean geometrical pitch and the effective pitch. 

Slip is usually expressed as a percentage of the mean geometrical pitch. 

SLIP FUNCTION.—The ratio of speed of advance through the undisturbed air to 

the product of propeller diameter by the number of revolutions in unit time. The 

slip function is the primary factor controlling propeller performance; i. e., ( jj)’ 
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L. INSTRUMENTS AND AUXILIARY APPARATUS. 
ALTIMETER.—An aneroid barometer whose dial is marked to indicate altitude. 

AL1IGRAPH. An instrument usually the same in principle as an aneroid barometer 

which makes on a chart a permanent record of the altitude. The chart is usually 

graduated in feet or meters in accordance with some empirical pressure altitude 
formula. 

BAROGRAPH.—An instrument usually the same in principle as an aneroid barometer 

which makes on a chart a permanent record of the variations of barometric pressure. 

ANEMOMETER.—An instrument for measuring directly or indirectly the velocity of 

the wind. 

AIRSPEED INDICATOR.—An instrument for indicating the speed of aircraft 

relative to the air. 

True Airspeed Indicator.—An instrument, usually working on the principle 

of the Biram or Robinson anemometers, which gives the true airspeed provided 

the slip of the anemometer is negligible. 

Apparent Airspeed Indicator.—An instrument, usually dependent on the 

impact pressure of the airstream, whose readings, therefore, vary both with the 

true airspeed and with the density of the air. 

PITOT TUBE.—A cylindrical tube with an open end, designed to be used with the 

open end pointing upstream to detect the impact pressure of a fluid stream. When 

used on aircraft it is associated either with a closed coaxial tube surrounding it or 

with a closed tube placed near it and parallel to it. The associated tube has perfora¬ 

tions in its side, and the air inside is subjected to static pressure, as distinct from 

impact pressure. The speed of the fluid can be determined from the difference 

between the impact pressure and the static pressure, as read by a suitable gauge. 
(Fig. 7.) 

VENTURI TUBE.—A short tube with flaring ends and a constriction between them, 

into which a side tube opens. When fluid flows through the Venturi there is a 

reduction of pressure in the constriction, the amount of the reduction being a func¬ 

tion of the velocity of flow. The reduced pressure may be measured by means of 
the side tube. (Fig. 8.) 

The Venturi is usually combined with a Pitot tube or with one giving static pres¬ 

sure to form a pressure nozzle, which may be used to determine the speed of an air¬ 
craft through the air. 

PRESSURE NOZZLE.—The apparatus which, in combination with a gauge, is used to 

measure the pressure due to speed through the air. It may be a Pitot or a Venturi 

tube, or a combination of the two. Pressure nozzles of various types are also used 

in yawmeters and other instruments. 

YAWMETER.—An instrument giving by direct reading the angle of yaw. 
INCLINOMETERS: 

Absolute.—An instrument giving the attitude of an aircraft with reference to 
the vertical. 

Relative.—An instrument giving the attitude of an aircraft with reference to 

apparent gravity, i. e., to the resultant of the acceleration of the aircraft and 

gravity. Such instruments are sometimes incorrectly referred to as banking 
indicators. 

TURN INDICATOR.—An instrument indicating when the direction of the line of 

flight, or of its projection on a horizontal plane, is changing. 

TURN METER.—An instrument similar to a turn indicator but which gives quanti¬ 

tatively the rate of turn in terms of the angular velocity or the radius of curvature. 

DRIFT METER.—An instrument for the measurement of the angular deviation of an 

aircraft from a set course. 
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L. INS TRIJMENTS AND AUXILIAR Y APPARA TVS—Continued. 

STATOSCOPE.—An instrument used to detect the existence of the minute changes of 

atmospheric pressure corresponding to small vertical motions of an aircraft. 

RATE-OF—CLIMB METER.—An instrument to measure the vertical component of 

the velocity of an aircraft. Most rate-of-climb meters depend on the rate of change 

of the atmospheric pressure. 

VERTIMETER.—An instrument indicating on a scale the minute changes of atmos¬ 

pheric pressure corresponding to small vertical motions of aircraft. 

KYMOGRAPH.—An instrument for recording the rotary motions of an airplane in 

flight. In general its action depends upon a gyroscope or it makes use of a beam of 
sunlight focused on a moving film. 

LEAK DETECTOR.—An instrument which detects the presence of hydrogen and 

other light gases in the air, and which can be adapted to find leaks in a container 

inflated with such a gas. 

STABILIZER, MECHANICAL.—A mechanical device to prevent an aircraft from 

departing from a condition of steady motion, or, in case such a motion is disturbed, 

to restore it to its steady state. Includes gyroscopic stabilizers, pendulum stabil¬ 
izers, inertia stabilizers, etc. 

WINDMILL.—An air-driven screw fitted with blades somewhat similar to those of a 

propeller and used to drive auxiliary apparatus. 

M. ENGINE TERMS} 
(a) TYPES OF ENGINES. 

BARREL-TYPE ENGINE.—An engine having its cylinders arranged equidistant 

from and parallel to the main shaft. 

BIROTARY ENGINE.—An engine having its cylinders arranged in any manner 

around the crank-shaft, as in a radial or barrel-type engine, the cylinder unit and the 

crank-shaft unit rotating in opposite directions. 

FAN-TYPE ENGINE.—An engine having its cylinders arranged in a radial direction 

but occupying less than the full circle. 

LEFT-HAND ENGINE.—An engine having a propeller shaft which, to an observer 

facing the propeller hub, rotates in a clockwise direction. 

RADIAL ENGINE.—An engine having stationary cylinders arranged radially around 

a common crank-shaft. 

RIGHT-HAND ENGINE.—An engine having a propeller shaft which, to an observer 

facing the propeller hub, rotates in a counter-clockwise direction. 

ROTARY ENGINE.—An engine having its cylinders arranged in any manner around 

the crank-shaft, as in a barrel or radial engine, the cylinder units revolving around 

the crank-shaft which is stationary. 

SUPERCHARGED ENGINE.—An engine with equipment which enables a greater 

weight of charge to be furnished than would normally be induced. 

VARIABLE COMPRESSION ENGINE.—An engine provided with mechanical means 

for varying the volume of the compression space. 

1 The engine terms incorporated in this nomenclature are limited to those peculiar to aeronautics. For other engine terms common to auto¬ 
mobile engines, see report prepared by nomenclature division, Society of Automotive Engineers. 
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M. ENGINE TERMS—Continued. 

(6) SUPERCHARGERS. 
SUPERCHARGER.—A device for compressing the air supply of aircraft engines, 

usually intended to maintain normal sea level pressure at the carburetor for all 

altitudes below a designed limiting value. 

Centrifugal-Type.—A supercharging device comprising one or more high-speed 

rotors operating in a casing provided with diffusion vanes and usually also 

with entry guide vanes. 

Fan-Type.—A supercharging device comprising one or more high-speed fan rotors 

operating in a casing not provided with diffusion or entry vanes. 

Positive Blower-Type.—A supercharging device comprising one or more rela¬ 

tively slow-speed rotors revolving in a stationary case in such a way as to pro¬ 

vide a positive displacement. 

Positive Driven-Type.—A supercharger driven at a fixed-speed ratio from the 

engine shaft by gears or other positive means. 

(c) MISCELLANEOUS TERMS. 
CONSUMPTION PER B. PP. HOUR.—The quantity of fuel or oil consumed per 

hour by an engine divided by the uncorrected brake horsepower developed, unless 

specifically stated otherwise. 

DRY WEIGHT.—The weight of an engine, including carburetors, propeller hub 

assembly, and ignition system complete, but excluding exhaust manifolds, oil, and 

water. 

HORSEPOWER OF AN ENGINE, MAXIMUM.—-The maximum horsepower which 

can be safely maintained for periods not less than five minutes. 

HORSEPOWER OF AN ENGINE, NORMAL.—The highest horsepower which can 

be safely maintained for long periods. 

REVOLUTIONS, MAXIMUM.—The maximum number of revolutions per minute 

that may be maintained for periods not less than five minutes. 

REVOLUTIONS, NORMAL.—-The highest number of revolutions per minute that 

may be maintained for long periods. 

WEIGHT PER HORSEPOWER.—The dry weight of an engine divided by the nor¬ 

mal horsepower. 
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PART III. 

AERONAUTICAL SYMBOLS. 

1. FUNDAMENTAL AND DERIVED UNITS. 

Symbol. 

Metric. English. 

Unit. Symbol. Unit. Symbol. 

Length... 
Time. 
Force.... 

1 
t 
F 

meter. 
second. 
weight of one kilogram. 

m. 
sec. 
kg- . 

foot (or mile). 
second (or hour). 
weight of one pound.... 

ft. (or mi.), 
see. (or hr.), 
lb. 

Power. .. P kcr m /sec horsepower. IP 
M. P. H, m/sec . m. p. s. mi/hr. 

2. GENERAL SYMBOLS, ETC. 

Weight, W=mg. 
Standard acceleration of gravity, 

g = 9.806m/sec.2 = 32.172ft/sec.2 

W 
Mass, m = — 

g 
Density (mass per unit volume), p 
Standard density of dry air, 0.1247 (kg.-m.- 

sec.) at 15.6°C. and 760 mm. = 0.00237 (lb.- 

ft.-sec.) 

Specific weight of “standard” air, 1.223 kg/m.3 

= 0.07635 lb/ft.3 

Moment of inertia, mk2 (indicate axis of the 

radius of gyration, k, by proper subscript). 

Area, S; wing area, Sw, etc. 

Gap, G 
Span, b; chord length, c. 

Aspect ratio = b/c 
Distance from c. g. to elevator hinge,/. 

Coefficient of viscosity, p. 

3. AERODYNAMICAL SYMBOLS. 

1 
True airspeed, V 

Dynamic (or impact) pressure, g = pi72 

L 
Lift, L; absolute coefficient CL = qS 

Drag, D; absolute coefficient (A = ^v 

Cross-wind force, Cabsolute coefficient 

C . 
"c qS 

Resultant force, R 
(Note that these coefficients are twice as 

large as the old coefficients Lc, Dc.) 
Angle of setting of wings (relative to thrust 

line), iy, 
Angle of stabilizer setting with reference to 

thrust line it 

Dihedral angle, y 
VI 

Reynolds Number = p—, where Z is a linear di¬ 

mension. 
e. g., for a model airfoil 3 in. chord, 100 mi/hr., 

normal pressure, 0°C: 255,000 and at 15.6°C, 

230,000; 
or for a model of 10 cm. chord, 40 m/sec., 

corresponding numbers are 299,000 and 

270,000. 
Center of pressure coefficient (ratio of distance 

of C. P. from leading edge to chord length), 

cv. 
Angle of stabilizer setting with reference to 

lower wing, (it—V) = 0 

Angle of attack, a 
Angle of downwash, e 

669 



670 REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS. 

Z 

Positive directions of axes and angles (forces and moments) are shown by arrows. 

Axis. 

Force 
(parallel 
to axis) 
symbol. 

Moment about axis. Angle. Velocities. 

Designation. 
Sym¬ 
bol. 

Designa¬ 
tion. 

Sym¬ 
bol. 

Positive 
direc¬ 
tion. 

Designa¬ 
tion. 

Sym¬ 
bol. 

Linear 
(compo¬ 

nent along 
axis). 

Angular. 

Longitudinal.... X X rolling. L Y->Z roll. $ u V 
Lateral. Y Y pitching... M Z->X pitch.... e V ? 
Normal. Z Z yawing. N X->Y yaw. w r 

Absolute coefficients of moment 

L 
~qbS °m g_cS 

* -JL 
n m 

Angle of set of control surface (relative to 

neutral position), 8. (Indicate surface by 

proper subscript.) 

4. PROPELLER SYMBOLS. 

Diameter, D 
Pitch (a) Aerodynamic pitch, pa 

(b) Effective pitch, pe 

(c) Mean geometric pitch, ys 
(d) Virtual pitch, pv 

(e) Standard pitch, pB 

Pitch ratio, p/Z) 

Inflow velocity, V' 
Slipstream velocity, VB 

Thrust, T 
Torque, Q 
Power, P 

(If “coefficients” are introduced all units 

used must be consistent.) 

Efficiency y = T V/P 
Revolutions per sec., n; per min., N 

Effective helix angle 4>=tan_1 

5. NUMERICAL RELATIONS. 

1 HP = 76.04 kg. m/sec. = 550 lb. ft/sec. 1 lb. =0.45359 kg. 

1 kg. m/sec. = 0.01315 TP 1 kg. =2.20462 lb. 

1 mi/hr. =0.44704 m/sec. 1 mi. = 1609.35 m. = 5280 ft. 

1 m/sec. =2.23693 mi/hr. 1 m. =3.28083 ft. 



45 

Thrust tine 

/ -Aileron 
2 ~Ang!e of stabilizer 

setting (it Part. HI) 
3~Angle of wing set¬ 

ting 
4 Antidrag wires 
5~ Ant Hi ft wires 
6- Ba/anced surface 
7- Chord 
Q~ Cock pit 
9— Control stick 

/ O -Control wires 
/ / ~Cowling 
/ 2~Deca/age 
/ 3-Dihedral angle 
/4~Drag strut 
/ 5-Drag wires, ex¬ 

terna! 
16-Drag wires, in¬ 

terna! 

/ 7~Elevator 
18- Pin 
19- Eire wall 
2 0 ~Ejse/age 
2 ! ~Gap 
22~Horn 
23~Inspection window 
24~Landing angle 
2S~Londing gear 
2&~Leading edge 
27~Lift wires 
28~Longeron 
29~0verhang 
30-Propeller blade 
3 / -Propeller boss 
32~PropeHer hub 
33-Propeller roof 
3 4-Rake, p os Hive 
35-Rudder 

36- Rudder bar 
37— Shock absorber 
3 Q Span, semi- 
39~Spinner 
40-Stabilizer 
4 I Stagger 
42Stagger wires 
43- Stay 
44- Strut 
45- Sweep back 
46~Tail skid 
4 7-Tipping 
48— Trailing edge 
49— Wing rib 
50 ~Wing rib former 
5 / ~Wing skid 
52~Wing spar 

axis 
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29- Suspens/on bar 
30- Suspension lines 
31- Tie patch for manometer tube 
32- Tie patch for rip cord and valve line 
33- Tie patch for infernal valve line 
34- Toggle 
35- Towing or traction cable 
36- Tube cover 
3 7- Valve adjusting gland 
38- Valve cord attachment pyramid 
39- Valve gland 
40- V" wires (steel) 
4! - Winch suspension 

1- Air duct 
2- Air opening into bo lionet 
3- Air scoop 
4- Appendix monhole 
5- Automatic valve rigging 
6- Bo lionet 
7- Ballonet deflation hole 
8- Bollonetdiaphragm seam 
9 -Basket 

IO-Bosket suspension 
/ / - Bonnet (valve cover) 
/2-Deflation sleeve 
13- Gas valve 
14- Hand valve line 

35 

15-Handling lines 
/ 6-Junction piece 
/7-Lobe, lateral;stab//izer 
18-Lobe, vertical;stabilizer 
/9-Manometer tube attachment 
20-Mooring bands 
2/ -Mooring ropes 
22- Nursing tube 
23- Nursing tube check valve 
24- Nursing tube discharge tube 
25- Rip cord 
26- Rip cord gland 
2 7-Rip panel 
28-Suspension band 

29' 

\ 

KITE BALLOON 

I-Air pipe to ballonet 
2~Air scoop 
3-Air valve 
4~Balanced surface 
5~BaHonet 
6-Ballonet manhole 
7~BaUonet seam 
8- Balionet valve cord 
9~Bow cap and stiffeners 

IO~Cab/es, elevator control 
11~ Cables, rudder control 
/2~Cab/es, valve operating 
13-Car 
!4~Car suspension 
l5~Drag rope stowage 
16- Elevator (balanced) 
17- Elevator control 

cable foirlead 

18-Envelope 
19~Fin, vertical 
20-Fin, horizontal 
2 / ~Gas manhole 
22~Gas valve 
E3 -Hand rail 
24~HandHng lines 

27-Inspection window 
2 8~ Martingales 
29- Mooring line 
30- Rip cord 
3/-Rip pane! 
32-Rudder (balanced) 

25-Horn (rudder elevator) 
26~lnflation sleeve 

fig. 3 NONR/GIO AIRSHIP 



>
3006 

41 47 

32 45 /4 

48 10 

/ -Automatic valve (gas) 
2 ~ Axial cable, continuous through 

gas cells from bow to stern 
3~Balanced surface 
4~ Ballast bag (water) 
5 " Ballast bag ( wa ter) emergency 
6~Bonnet over gas outlet trunk 
1~Bonnet over maneuvering valve 
Q~Bow cap 
9~ Car, control 

/ 0~Car, power 
ll~ Car, suspension 
/ 2_ Chord wires 
13~Climbing shaft 
/ 4~ Cord netting .between gas cell 

and wire netting 
I 5~Elevator (balanced) 
/ 6~ Field handling frame 

Fig. 4 

1 1 - Fin .horizontal 
IQ- Fin. vertical 
/ 9~ Gangway 
20~ Gas container 
2 / ~Gas outlet trunk 
22~ Gasoline tank 
23-handling lines 
24~Hand rail 
25~Horn 
26-Hull 
21 ~ Intermediate longitudinal 
28~ Intermediate transverse 
29~Keel apex girder 
30- King post 
3 / -King post brace 
32~Main diagonal wiring 
33~Main longitudinal 
34-Main transverse 

RIGID AIRSHIP 

35-Maneuvering valve (gas) 
36~ Mooring cone 
31 ~ Mooring cone outrigger 
3Q~Mooring lines 
39 ~Observation platform 
40—Outer cover 
4!~ Pneumatic bumper 3Q 
42~Radio room 
43~Radio antenna 
44~Rudder (balanced) 
45-Secondary diaqona/ wirinq 
46~ Skid 
41 ~Top center-line girder 
4Q~ Ventilators 
49~ Walk- way girder 
50~Wire netting, between cord netting 

and metallic framework 
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I-Air duct 
2.-Air valve 
3-Automatic ond manual 

valve (gas) 
4~Axial suspension band 
5~Balanced surface 
6-Balias t (water) 
1~ Bo lionet 
<9-Bo lionet blower 
9- Bonnet over gas valves 

IO~Bow cap 
11~Bow stiffeners 
/ 2~ Car (control and power) 

13- Catenary 
14- Climbing shaft 
J5~ Control cables 
16-Drag rope (stowage) 
/ 7"Elevator (balanced) 
/ B~ Envelope 
I9~ Fin (horizon ta!) 
20-Fin ( ver tical) 
2/ ~ Gas container 
22 Gasoline tank 
23 Gland 
24 Handling lines 
25 Inflation sleeve 

SEMIRIGID AIRSHIP 

26- Keel,continuous from 
bow to stern, (or tic- 
u/ored). 

27- Longitudinal diophram 
28- Mooring line 
29- Observation platform 
3D-Pneumatic bumper 
3 / -Radiator 
32 -Rudder (balanced) 
33- Suspension wires 
34- Tronsverse diaphram 
35- Ven tila tor 
36- WoH of gos cell under 

partial deflation 

King post Cabane 

Landing gear~~~To/l skid 
Fig. 6. TRACTOR MONOPLANE 

Static 

" Wind 

PIT0T-5TATIC TUBE Fig. 8 VENTURI TUBE 

Reduced 
ff static 
^_ -pressure 
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Fig. 9 —Boat seaplane 

Fig. 10.—Float seaplane. 

Iff 
W r- ■ ". "' 

T V* x,' -U 

■ ' ’ - ... ' ' ■ • 
.13 F ' 

■■ 
• 

Fig. 12.—Air scoop and patch. 

Envelope 

Susp ens/on^ 

lines 

Suspension 
bar or 

Concentration 
ring 

Basket 

Fig. 11.—Free balloon 

Fig. 13.—Trajectory bands. 

Fig. 14.—Pusher biplane. Fig. 15.—Skeleton of wing. 
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MATHEMATICAL EQUATIONS FOR HEAT CONDUCTION IN THE FINS 
OF AIR-COOLED ENGINES. 

By I). R. Harper 3d, and W. B. Brown. 

SUMMARY. 

At the request and with the support of the Engineering Division of the Air Service, United 

States Army, McCook Field, the Bureau of Standards undertook some laboratory investiga¬ 

tions dealing with air-cooled aviation engines, the results of which were submitted to the 

Committee on Power Plants for Aircraft and by that committee recommended for publication 

as a technical report of the National Advisory Committee for Aeronautics. In connection 

with laboratory measurements of the heat-dissipating power of typical engine cylinders, a 

mathematical analysis of fin behavior was made and is given in this communication. 

The introduction contains a description of the paper which will assist the general reader 

who is not interested in mathematical detail in finding those parts of the paper most likely 

to prove useful to him. A recapitulation of the mathematical developments is given in 

Section IV and forms the statement of conclusions reached in so far as a mathematical paper 

of this type may be said to have conclusions. Numerical examples illustrative of these con¬ 

clusions are then given, followed by a very brief suggestion of possible application of the 

equations. 
The problem considered is that of reducing actual geometrical area of fin-cooling surface, 

which is, of course, not uniform in temperature, to equivalent “ cooling” area at one definite 

temperature, namely, that prevailing on the cylinder wall at the point of attachment of the 

fin. This makes it possible to treat all the cooling surface as if it were part of the cylinder 

wall and 100 per cent effective. 
The quantities involved in the equations are the geometrical dimensions of the fin, thermal 

conductivity of the material composing it, and the coefficient of surface heat dissipation between 

the fin and the air stream. Several assumptions of physical nature are thus necessarily involved 

in making the problem possible of solution. These are set forth in detail, and the limitations 

which result from them in applying the equations to numerical calculations are carefully 

pointed out. . 
An expression for approximate fin effectiveness is developed, based upon simple mathe¬ 

matics and very convenient in form for engineering use. The essence of the paper is an 

examination into the magnitude of the errors involved in using this expression without cor¬ 

rection and a determination of the corrections needed for accurate work. The mathematical 

expressions involved are quite complicated, including Fourier’s Series, super Fourier’s Series, 

Bessel functions of zero order of two kinds with imaginary arguments, etc. The results of 

the work are collected in graphical form in a series of charts, so that the design engineer can 

use the simple formula first developed and apply to it corrections readily read from the 

charts, thus avoiding entirely all higher mathematics. 

I. INTRODUCTION. 

The equations which express the flow of heat in a metal in terms of simple physical propei- 

ties are perfectly definite and adapted to numerical computations, although usually somewhat 

cumbersome and tedious. In applying these equations to the fins on the outside of the cylin¬ 

ders of air-cooled internal-combustion engines, the chief obstacle to numerical work is the 

great uncertainty of the value to be assigned to one important physical quantity, the rate o 

dissipation of heat from the fin surface into air under the conditions surrounding the fin. This 
^ 679 
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important deficiency seems to have discouraged any widespread use of the equations of heat 

conduction in considering the problem, since deductions made from them could be trusted 

only within rather wide limits. 
With the increasing knowledge of rate of cooling in an air stream, it has become more 

worth while to,compile the information obtainable from a mathematical analysis of the prob¬ 

lem. The details of such an analysis are not of sufficient general interest to warrant the average 

reader in following them closely, but it is believed desirable to render them available for refer¬ 

ence by those who are working in the same field. The equations which have to do with this 

subject are bulky, the algebra and integrations tedious and time consuming, and the chances 

for error are high, although no especially intricate or abstruse reasoning is involved, nor is there 

much difficulty in interpreting final results other than the necessity of a careful examination of 

the relative numerical size of the various terms. 

With a full appreciation of the tax imposed on a reader by reason of the foregoing facts, 

the authors have prepared this paper in a form which endeavors to meet the following speci¬ 

fication: 

(а) To segregate, for the benefit of all who are interested in the general subject of air¬ 

cooled engines, a general skeleton of the analysis, including the discussion of conditions which 

bear upon the problem, statement of the exact assumptions to which are applied the mathe¬ 
matical development and the conclusions resulting therefrom, with a few examples of numerical 

computations to illustrate the practical application of the mathematics. 

(б) To interline with the above, in such form that the general reader may skip it without 

losing the thread of the development, such details of mathematical transformation as will be 

needed by the specialist to reproduce the equations or use them to advantage in their applica¬ 
tion to his particular problem. 

(c) To omit all details of algebra, integration, arithmetic, etc., which are merely the 

mechanism of the mathematical development. Although these steps are essential to an 

acceptance of the validity of any of the deductions, it must be left to the critical reader to supply 

the gaps, because the paper is sufficiently complicated in meeting specification (b) without 
such additional weighting. 

The basic principle of design which characterizes an air-cooled engine is the providing 

of some means to increase greatly the natural surface by additional cooling surface, the purpose 

being to keep the engine cylinder wall temperature down to a value below the upper limit 

set by satisfactory engine performance. This additional surface takes the form of cooling 

fins, usually made an integral part of the cylinder barrel and arranged either longitudinally 

along the barrel or circumferentially around it. The problem considered is that of reducing 

actual geometrical area of cooling surface, which is, of course, nonuniform in temperature, to 

equivalent ‘‘cooling” area at a definite, easily specified temperature. This may be done by 

finding an expression for the effectiveness of fin surface, i. e., the ratio of the amount of heat 

dissipated by unit area of fin surface to that dissipated by an equal area of cylinder wall surface 

with the same tempearture as that at the fin base. This will make it possible to treat all the 

cooling surface as if it were on the cylinder wall and had 100 per cent effectiveness. 

II. APPROXIMATE FORMULA FOR EFFECTIVENESS OF COOLING FINS. 

Two cases occur in practice: (1) Circumferential fins, usually of tapering thickness, with a 

base temperature that may change from point to point; (2) longitudinal fins with similar con¬ 

ditions of thickness and temperature. A direct analytical investigation of each case in all its 

generality is quite difficult and has not yet been completely worked out. In this paper an 

indirect attack on the general problem is made by a method of successive approximations. 

The effectiveness is first computed for a simple case, where several simplifying assumptions 

are made, then the limitations of these assumptions are removed, one or two at a time, and 

the necessary correction made to the first result. The effectiveness / is, therefore, expressed 
in the form 

/'=/'+Al/ + A2/+ • • 
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GENERAL ASSUMPTIONS. 

Four general assumptions of physical nature are made that apply to every case considered 
here: 

(1) Quantity of heat transferred per unit time from the metal surface to the air is pro¬ 
portional to the temperature difference between the metal and the air. 

(2) The coefficient q, heat transferred in unit time from a unit surface per unit temperature 
difference, is constant over the fin surface. 

(3) The fin is symmetrical about a plane through its middle and approximately parallel 
to its faces. 

(4) The temperature at a given point is independent of the time. 

Assumption (1) is known as Newton’s Law of Cooling. It has been found to be sensibly 

true for very high velocity air-stream cooling in such cases as are under consideration.1 

Some preliminary measurements of heat dissipation by air-cooled engine cylinders made in 

the laboratories of the Bureau of Standards also indicate the validity of the assumption within 
limits necessary to work of this kind. 

Assumption (3) is obviously true mechanically except for minor inequalities of manufacture 

which on an average over a cylinder would be inappreciable. Physically, there is marked 

lack of symmetry about such a plane if the fin be oblique to the air stream, but this lack of 
symmetry has to do with assumption (2). 

Assumption (4) provides a working basis that is entirely acceptable. Questions of engine 

design must be settled from considerations of cooling capacity under full load and continuous 

operation, when a steady temperature distribution exists. A cooling system which will meet 

this demand will obviousty meet the less stringent cooling requirements involved in starting 

up and approaching temperature equdibrium. The rapid variations in temperature of the 

inside wall of the cylinder between explosion and intake are quite damped out in their effects 

on fin temperature. The validity of the assumption has been demonstrated by experimental 
evidence.2 

Assumption (2) involves, amongst other things, either independence of the heat transferred 

from a fin to an air stream and the velocity of the air stream, or else the assumption of constant 

velocity of the air stream over all portions of the fin. The first hypothesis is untenable; the 

second one is discussed below. Experimental data are very incomplete. The assumption is 

recognized as weak, but in the present state of knowledge it is about all that can be done. It 

is known to be justifiable in long tubes and is probably not far wrong for longitudinal fins with 

fairly open spacing. One set of measurements3 on a plain cylinder without fins, a small cylin¬ 

drical rod (diameter 2 cm., f inch) indicated that with the air stream normal to the axis of the 

cylinder, the variation in air velocity, front and rear, was of the order of 30 per cent, namely, 

a difference of 15 per cent each way from the mean value. British measurements on air velocity 

between fins indicate a change in q from tip to root of longitudinal fins of less than 15 per cent. 

These meager data would suggest that if an average value over a fin were taken, the deviations 

from it would not generally be more than 10 or 15 per cent. The error after integration in such 

cases is generally less than the original error, so that the result with this approximation is 

probably in the neighborhood of the true value. 

SIMPLIFYING ASSUMPTIONS. 

In addition, the following simplifying assumptions give a simple problem which serves as 

a basis for more complete analysis: 

(1) The temperature across the fin thickness is sensibly constant. 

(2) The fin is so long that the effect of the exposed ends (of longitudinal fins) is neglible. 

1 A. H. Gibson. Automotive Industries, May 13, 1920, p. 1109. Theories and Practices in the Air Cooling of Engines. 
5 Judge, “High-Speed Internal Combustion Engines,” pp. 107-109. 
a T. E. Stanton, Great Britain Advisory Committee for Aeronautics, Report 94, 1912-13, p. 47. 
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(3) The heat loss from the exposed edge can be accounted for by imagining the width 

extended by a distance equal to one-half the fin thickness at the outer edge and assuming no 

heat loss from the end. 

(4) The base temperature is constant. 

(5) The fin thickness is constant. 

(6) The fin is longitudinal. 
The details of assumption (3) are illustrated in Figure 1. 

Heat 
source : 

a 8 

1 

Fig. I 
c 8 

The edge abc at a temperature 9, dissipates some heat AHv If ab and be be swung around 

to ab' and cb' and the space filled in with metal, the temperature drop from a to b' will be small 

and these surfaces will dissipate practically the same amount of heat as before. The other 

simplifying assumptions require no explanation. 

It will be shown later that all of the A f's are small compared with/', so that the cross 

products which represent the effects due to the joint action of several disturbing influences 

may be neglected and only first-order effects due to single causes need be worked out. 

OUTLINE OF THE GENERAL PLAN OF MATHEMATICAL ANALYSIS. 

First,/' is computed on the basis of all six simplifying assumptions stated above. 

Second,/ is computed with assumptions (1) and (3) removed. Thus/—/' gives Axf+ 

A3/-t-A1)3/ These are shown to be negligible for all conditions prevailing in engine work. 

Third,/is computed with assumption (4) removed, giving A4f, which is zero. 

Fourth,/ is computed with assumption (5) removed and replaced by the one that the 

sides are straight, and hence the thickness t is a linear function of the distance x from the fin tip. 

This gives A./, which is often not negligible. If A is the ratio of the thickness at the tip to the 

average thickness, then A5/ may be expressed in terms of/' and A. Its value is computed for 

several values of A and the results shown graphically on a chart. 

Fifth, / is computed with assumption (6) removed and a longitudinal fin replaced by a 

circumferential one. This determines Afi/ If p is the ratio of the inner radius to the outer, 

/may be expressed in terms of/' and p only, so that the results for A6/ are expressed graphically 
in the same way as above. 

By means of these charts, / can be found with a sufficient degree of approximation for the 
most general case. 

Fig. ? 

(1) Computation of /'. (The approximate function to represent heat flow in terms of 
geometrical and thermal properties of the fin.) 

Let q = coefficient of heat transfer from surface. 

w=true width of fin. 

7 = fin thickness. 

x — distance from the cylinder wall. 

/=fin effectiveness. 

7r = fin conductivity. 

6 = temperature of fin above the air. 

d0 = temperature of cylinder wall above the air. 

H= heat dissipated by the fin per unit time. 

H0 = heat dissipated by equal area of wall surface per unit time. 

w' = corrected fin width = w+^- 
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By introducing the simplifying assumptions (3) and (4), the boundary conditions are: 

f^=0 when x = w' 
ax 

0 = 0O when 2 = 0 (1) 

The fundamental equation of heat transfer4 under the conditions corresponding to assump¬ 
tions (1), (2), and (5) is b 

d29_2qQ 
dx2 Id (2) 

The solution of this equation in the form most convenient for this work is 

6 = A cosh a (x — B) (3) 

where A and B are arbitrary constants of integration and a is an abbreviation for V2qfkt. 

When A and B are determined to satisfy the boundary conditions, stated mathematicallv 
in (1) 

o —o cosh a jx — w') 
0 cosh aw' 

The rate of heat dissipation from a unit length of fin is computed by an integration with 
respect to x from 0 tow'. 

qedx=zssrik?Jo cosba dx <4) 

The heat dissipation from an equal area (2w') of cylinder wall at temperature 90 is 

and therefore 
H0 = 2qd0w' 

H_=_ 1 
H0 w' cosh aw 

W f 

0 
cosh a (x — w') dx= 

tanh aw' 

aw' (5) 

This function (tanh aw')law', for which the single letter/' will be used, is the function 

which will serve as the basis of discussion for much of the following work. Under average con¬ 

ditions of practice it will be found sufficiently exact to serve as the basis for all computations. 

In those cases where it does not fit with sufficient accuracy, it will be found convenient to use 

it as a principal term plus necessary correcting terms. The principal properties of the function 
therefore merit attention. 

When aw' is increased, the value of tanh aw' increases likewise, but rather slowly, and 

although reaching 0.9 when aw' = 1.50, it does not increase beyond 1.0, no matter how large 

aw becomes. The ratio /', therefore, starts at unity and gradually decreases to zero, when 

plotted against values of aw'. This plot is shown in Figure 3, where the single letter u is sub¬ 
stituted for aw'. 

4 The method of deriving this equation is explained fully in elementary textbooks on heat. The difference in quantity of heat conducted into 
an elemental slab at coordinate x and that conducted out at x+dx is, in the equilibrium state, the amount that escapes into the air through the 
surface dx. This equality, when common factors are canceled, is the equation (2). 
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Figure 3 shows that / grows less as u increases, whence as w' or q increase, or as ~k or t 

decrease. That is to say, the effectiveness of a fin decreases as— 

(1) The fin width is made greater. 

(2) The fin is made thinner. 

(3) The fin is made of material with a poorer thermal conductivity. 

(4) The coefficient of heat dissipation to the air increases. 

This last statement indicates that fin effectiveness is relatively less at higher air speeds, 
since the value of q increases with air speed. 

Values of tl 

Fig. 3.—Curve showing function T-anl1 u. Any units whatever if they 
u 

belong to a mutually consistent system will do to measure the above 
four quantities and will lead to the same number for U. 

III. CORRECTION TERMS TO APPROXIMATE FORMULA. 

In the use of the formula (5) derived in the preceding section, it is very necessary to know 

the departure from exactness which has been introduced by use of the simplifying assumptions 

which are obvious deviations, at least to a small degree, from the conditions which actually 

prevail. This investigation of the order of magnitude of the several correction terms involves 

considerable tedious mathematics which are incorporated in the paper only to meet the needs 

of a specialist in the field. The general reader will find the conclusions summarized at the end 
of the chapter. 

(1) CORRECTIONS FOR HEAT DISSIPATION FROM EDGE OF FIN AND FOR “CROSS-FLOW” IN FIN. 

This correction is determined by solving the problem as stated initially without the aid of 

simplifying assumptions (1) and (3) but with the aid of the remaining simplifications. The 

difference between the solution so obtained and the function defined in equation (5) above 

shows the value of the correction which would be necessary to the latter to take account of the 
two factors of this title. 

X-0 X=U) 

Heat ^HH y ,t ■ ^ ”  y 2 
v = 0 

source Wmt, 

Wm ill Fig .4 

The problem is a straightforward development of two-dimensional heat flow5, in which the 
boundary conditions are stated mathematically as follows: 

Hnp of !h! fi16 °rl!1f °f c00rdi,nates Seated as indicated in Figure 4, the axis i/ = 0 is the median 
° „ 5 d from considerations of symmetry there can be no heat flow across the median 

plane, a condition expressed mathematically by zero temperature gradient. 

• Byerly-Fouriers Series and Spherical Harmonica, art. 59, p. 102, edition Vml -- 
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c)8 
Along y=0 ^=0 

c)8 
Along y = tf2 k^= -gQ 

(this face being one which is dissipating heat to the air). 

Along x = w = — qd 

(7) 

(8) 

(9) 

Along 2 = 0 0 = 06 (10) 

(this edge of the fin being the one integral with the cylinder wall and maintained at given con¬ 

stant temperature 0O). The fundamental equation of heat transfer for this problem is 

b20 b2d 
dx2 by2 (11) 

which, being of the second order in two variables, can include in its primitive four arbitrary 

constants and permit of applying the four conditions (7) to (10) for the determination of such 
constants to give a complete solution of the problem as stated. 

The convenient form for the primitive is 

9 = Smim Cosh a (x — B) cos ay (12) 

which contains three arbitrary constants A, B, a and satisfies the condition (7). The develop¬ 

ment of condition (8) leads to determination of a as any solution of 

at . at qt 

2 tan ~2~2k (13) 

Then the value of B is defined in terms of a by the use of condition (9) leading to 

a tanh a(B — w) = | (14) 

Lastly, values of Am must be selected to conform to condition (10) in terms of the a and B 

already specified. These values of A must satisfy 

CO 

0o = 2m Am cosh aB cos ay (15) 
i 

The possibility’ of determining values of Am to satisfy this relation has been established by 

workers in the field of Fouriers Series and other harmonic expansions,6 and while the particular 

form here applied may not identify exactly with those commonly found in the textbooks, it 

seems quite unnecessary to supply here any of the intervening transformations. It is adequate 

evidence of the validity of the assumption that definite values for Am may be found if we pro¬ 

ceed to find some which define a convergent series. 

The principal reductions will have to do with equation (13) and the algebra is simplified 

considerably by the use of a parameter 0 in place of a, defined by the relation 

0= 
at 

2 
(16) 

6 Byerly-Fouriers Series and Spherical Harmonics, pp. 118-121. 
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It may be noted that equation (13) is one with an infinite number of real values of a. or 0 

satisfying it, whereas equation (14) has but one value of B for any given value of a, the hyper¬ 

bolic tangent being a single valued function. To dispose of this equation and replace it by a 

series, the quantity B is replaced by a new parameter e, defined by 

B = w+t + e (17) 

In terms of e and 0 the revised equations (13) and (14) take the form 

0 tan 0=|| (18) 

[‘*W'*W* ■ 1 : 2 ^ q\Zk4>) 
(19) 

With a <j>m determined as a root of equation (18) and the corresponding em determined from 

the series (19), we must select an Am to give the expansion (15) which in the new parameters is 

20r 
1 t 

and then substitute all these in (12) revised to 

+ 2 T 0o= cosh w -f * -f €m ) cos 
t 

(20) 

„ ® . , 20m/ t \ 20m 
9 = 2mAm cosh -~-\x — w — 2~~€mJ cos “ (21) 

The details pertaining to the process just outlined are tedious and of interest only to the 

worker who desires to check the development. Multiply each side of (20) by cos (20ky/O dy, 

where 0k is any root of equation (18) and integrate for y from 0 to t/2. 

Ct/2 20k 7 
cos —y dy 

00 

: 2m At 
1 

cosli 
20E 

W + 2 T em 
)J. 

t/2 20 
cos t 

m 7 
y cos — y dy (22) 

20m 
t 

y cos 
7 t n0m sin 0m cos 0k — 0u sin 0k cos 

dy l'L . 
and therefore vanishes for those values of 0m and 0k which are roots of equation (18) except 

for the particular choice 0k = 0m, where the indeterminate form of the expression introduces 

the possibility of finite value. It follows, therefore, that the summation on the right-hand 

side of equation (22) can consist of no more than the single term given by the equality of m 

and Tc, whence 

Jo e0 cos y dy = Am cosh ^y2 -(w +1 + em^)cos2 y dy 

~Am cosh (w + | + em)]x][l 

From which 

= | sech (w +1 + em^) J 60 cos ^y1 y dy (23) 

1 I Sil1 20™ 

20m 

The above value of Am is in a form for a general expansion of d0 as any arbitrary func¬ 

tion of y, namely, for any specified temperature along the thickness edge of the fin (i. e., along 

the cylinder wall). This generality is too complicated for consideration in this paper, which 
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has been limited to the case of 0o being constant. This condition may therefore be intro¬ 
duced at this point into equation (23), which reduces to 

ie°sech ?T(W+1/2 + ^ 2sSst£ (24) 

This value of Am used in equation (21), with the aid of equations (18) and (19), completes 
the solution of the problem as a problem in thermal conduction. 

For application to the purposes of this paper, it is desired to compute the effectiveness of 

the fin surfa.ce, which has been defined above as the ratio of the heat dissipated by the fin to 

the heat which would be dissipated in the same time by an equal area of surface all maintained 

a,t the constant, uniform temperature 0O, which is here the temperature of one edge of the 

fin. Designate this ratio as H/H0, and retain the previous notation with q for coefficient of 

surface heat dissipation, remembering that 9 is measured on a temperature scale with its zero 
chosen at the temperature of the air stream cooling the fin. 

H0 = q (2 w + t) 90 II = qfddS 

r_H _ 1 

11,1 2 tw + | )f»o HedS 

To integrate over the dissipating surface, we have dS = dx along the two fin surfaces for 
unit length of fin and dS = dy along the edge opposite the cylinder wall. 

From equation (21) 

J* 9dS — 2J 0y=t/2 dx -f- 2 J &x=w dy 

J‘W p/2 

0y=t/2 dx I 0x=w dy 
_ _0_J j_ 

e«{w+1) 

0y-V2 = 2mYlmcosh (l: - v: — | - e„( j cos 4>, 

(25) 

0X=W = 2m Am cosh 
2 0n 

(2 + 6m) 
20m 

COS —y 

and by substituting these values in equation (25) and reducing the result, 

sin 20m f 00 

1 m0m (20m + sin 2 0m) 
2 

tanh 
, smh~(| + €m 

w+£+0- ' V2 
20m 

IU/ cosh 20m / ' t 
t \ 

( w+^ + e„ 

w + 

f 1 
1 t “m 

2 sin2 0r 

0m (20m + sin 2 0m) 
cosh ^(w + l + e^ 

(26) 

In the use of equation (26) the terms of the summation are given by using for 0m in succes¬ 
sion all the real roots of equation (18) 

<£ tan 0 = || (18) 

g—heat dissipated from fin to air stream per unit time per unit area of fin surface per 
unit temperature difference. 

t = fin thickness. 

Jc = thermal conductivity of fin material. 
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From each successive value of 0m, the corresponding em is computed from equation (19): 

— tie/ qt V 

em""2_+2V2 HJ 
It is obvious that equation (26) is much too cumbersome for everyday application. From 

the standpoint of pure mathematics it is the equation to choose in preference to equation (5), 

being based upon more acceptable assumptions and including as a special case the conditions 

leading to the solution expressed by equation (5). From the mathematical viewpoint, correct 

procedure would be to solve the problem in the more general form, obtaining equation (26) 

for effectiveness of a fin, and then to examine the relative magnitude of the terms involved 

and leave out the small ones in order as successively less exact approximations are desired. 

In this way one might approach a comparatively simple formula, either equation (5) or an 

equivalent, for all usual applications. In this paper an alternative presentation has been 

adopted in deference to the algebraic complexity of the processes in the more general case, 

and it has been deemed wise to develop first the comparatively simple solution which is good 

enough to apply to most air-cooled engine cylinder work, showing how good or how bad is 

the approximation by a later development of the more exact relations. 

These more exact relations are too complicated for convenience. The course outlined 

above can be put in practice, not by a general consideration of the magnitude of each term in the 

series, but only by specific numerical computation of these terms for one or more typical sets 

of conditions. 

The units selected for q, 1c, and t are immaterial so long as they are consistent. The factor 

qt/lc, which enters the computation, is dimensionless and independent of the unit system. If it 

be desired to measure t in inches and q in Btu. per minute per square inch per degree Fahren¬ 

heit, then it is only necessary to express Tc, the thermal conductivity, in Btu. per minute per 

square inch per unit temperature gradient in degrees Fahrenheit per linear inch. The inter¬ 

national units are used below. Assume: 

= 0.10 calories per second per cm.2 per unit gradient in °C. per cm.). 

2 = 0.008 (calories per second per cm.2 per °C.). 

£ = 0.5 cm. 

w = 3.0 cm. 

This set of values is for a steel fin (& = 0.10) of excessive proportionate thickness (one-sixth 

of the width) and large absolute dimensions, and in a very high speed wind stream, (q — 0.008 

probably corresponds to a wind velocity of 90 meters per second, 200 miles per hour.) These 

conditions are the ones which should exaggerate the effects of “cross flow” and dissipation 

from the thin edge of the fin, the two factors included in the more complicated solution and 

omitted in the simpler. By “cross flow” is meant taking into account the two-dimensional 

flow of heat in a plane section of the fin rather than treating it as linear flow from the engine 

cylinder wall toward the outer edge of the fin, sensibly parallel to the flat fin surfaces and with 

but a negligible component perpendicular to these surfaces or across the fin. The case selected 

is therefore unfavorable to the approximate equation and should indicate the largest corrections 
to it necessary in any ordinary application. 

qt 0.008X0.5 
2 Jc~ 0.20 0.020 

The values of 0m are given by the roots of— 

(27) 

0 tan <t> = ~ or tan 0 = * 
500 (28) 

which is conveniently solved by graphical means by plotting values of tan 0 and of 1/500 and 

leading the value of 0 at the intersections, namely, where the two functions equal each other 

(fig. 5). I he value of 1/500 are so small for all values of 0 greater than that corresponding to 

the first few roots that the function may be taken as coincident with the axis and cutting the 
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tangent curves at mir. The first root may be read from the graph of figure 5 plotted to a scale 

sufficiently open or may be approximated analytically by the series expansion, 

03 20 s , 
tan 0 = 0 + -«j- + jj- + if 0 < 

7r 
O.O2 = 02 + ^ + ^ 

o I o 

(neglecting high powers of 0 because it is noted that 0 is much smaller than unity), 

O.1414 = 0^1+|2- 
, 20*“| * 

+ TsJ 

0 12 3 4 

Fig. 5. Graphic solution of tan x =■—1_ 
F 50 x 

To solve this it is evident that 0 is so closely 0.1414 that the latter may be substituted for 

02 and 04 without appreciable error in comparison with unity. 

0.1414 = 0 [1 + 0.00667 + 0.00005] * 

= 0 [1+0.00336] 

0 = 0.1414 X [1-0.00336] = 0.1409 

To find the second root, 02, the relation tan (v + a) = tan a is the key to the process, bearing 

in mind that 02 is so very close to tt as to admit of some approximations which are very exact 

while at the same time very simple. Omitting details 

02 = 7r+ 0.00635 

The departure of 03 from 2ir and of 04 from 37t, etc., is quite inappreciable, whence the values 

of 0 for equation (26) are: 

0, = 0.1409 02 = 3.148 03 = 6.28 04 = 9.42, etc. 

The next step in computation is evaluation of em from equation (19). 

qt 

2 lc 
0.020 

fc_0.100 
q 0.008 

12.50 

rr?-= mix =0.1419 xru- = = 0.0063 
qt _ 0.020 _ 

2& 02 ~ 3T48 ~~' iJk=0-0032 2&0, 0.1409 

€l + | = 12.50 (0.1419)2 J^l +^ (.1419)2 + -| (0.1419)4+• • -J = 0.25356 

e»+2 

€,+ 

= 12.50 (0.0063)2 [l + | (0.0063) 

|=12.50 (0.0032)2 [l+^ (0.0032) 

2 + 

2 + 

>0. 

■]-o- 

00049 

00013 

53006—23-45 
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In substituting the values just obtained into the terms of equation (26) it is worth while to 

tabulate the intermediate steps for the first term (m= 1) in order to illustrate the order of mag¬ 

nitude of the different factors and to form a guide for estimation of the changes to be expected 

in using somewhat different values for 1c or q or t from those selected for this example. 

01 = O.14O9 

2^ = 0.2818 

+ 2 — 0.25356 w-\r ^ + ex = 3.2536 

20! / , t , 
T1 (1 + €l) = °-1429 X (w+|+ ex) = 1 -834 

sin 2^ = 0.2780 sinh-^1 ^1 + 6,^ = 0.1434 tanh ^ ^w + | + e,^ = 0.950 

sin 201 = 0.0197 cosh ^fl(|+«i)= 1.0102 cosh ^(w+|+ */) = 3.21 

f- 
W + ; 

0.2780 
0 950 0,1434 0.0394 1.0102 

0.1409 (0.5598) 
u.jou 321 

0.1409 (0.5598) 3.21 

t “ sin 20 
T-. 2/m -2m--;-c 

1 t_ 2 (20m T sin20m) 
2 

, < 00 
+-r2m 

tanh^^+|+em )- 
sinh 2-^(| 4 6 

t V 2 

cosh 2r (u’+|+em) 

2 sin2 0m 
cosh 

20m /1 

-2 m-7-. —- 

i^2 (20m + sin 20m) 20 
in + 2 cosh — 

< \2 
+ e :m 

/= 0.1538 (3.524 10.950-0.04471 

cosh4=(m + | + . 
(29) 

= 0.1538(3.189 + 0.1572} +2, etc. 

= 0.5148 + 0.1538 
sin (2?r +0.0127) 

3.148 (6.30 + 0.013) tanh 12.59 (3.0005) 

sinh 12.59 (0.00049)~] , 2 sin2 (tt +0.00635) cosh 12.59 (0.00049)] 

cosh 12.59 (3.0005) J 3.148X6.31 cosh 12(5973700057J+ m etC' 

Reduction of the terms in the above expression (30) indicates by inspection the general 

trend of each term in the later series. Cosh 12.59 X 3 is enormous and the two cosh terms in 

the denominators above and in all succeeding terms are so extremely large with respect to any¬ 

thing occurring in the numerators that the terms containing them are inappreciable. Also, 

the tanh function of a large argument is unity, whence there is left, to evaluate, only 

sin (2t+ 0.0127) 

3.148 (6.30 + 0.013) 

OO 

and 2m 
3 

sin 2 0m 

<Pm (20m + sin 20m) 

where 0ra for m = 3 and greater is so near a multiple of tt that sin 20m will be inappreciable. 
The numerical term above is 

and 

0.0127 

3.15X6.31 “ 
0.00064 

f= 0.5148 + 0.1538X0.0006 = 0.5149 (31) 
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This value of/should now be contrasted with the approximate value/' given by the simple 

expression, equation (5): 

/' = 
tanh aw' 

aw' 
g= 0.008 

£ = 0.10 
< = 0.50 

w = 3.00 

w' = 3.25 

a "V 
2gi 

£i 
w j_ w +, 

/O.016 

® V 0.050: .050 

aw' = 1.836 

tanh aw' = 0.950 
f,_ojgo 

f 1.836 °‘51'6 

VO.32 = 0.565 

(32) 

The difference between/' and the more exact value of the effectiveness which is given by 

/in equation (31) is therefore not quite 3 parts in 500, or less than 0.6 per cent. 

It thus appears that the error introduced by neglecting the transverse temperature gradient 

and assuming the edge correction to be simply t/2 added to w is less than 1 per cent in this exag¬ 

gerated instance. In ordinary cases it is negligible entirely, for an aluminum fin, g = 0.003 

(air speed 70 or 80 mi. /hr.), £= 0.50, w' = 2.0 cm, t = 0.15 cm, /=/', within less than 0.1 percent. 

(2) CORRECTIONS FOR VARYING BASE TEMPERATURE AND EXPOSED ENDS. 

In this proof the edge correction that has been proved to be sufficient, i. e., w + t/2 for w 

and l + t/2 + tJ2 for the length, will be assumed and the transverse temperature gradient 

neglected. Hence, the problem becomes that illustrated in Figure 6. 

Fig. 6 

The plate of width w is replaced by the fictitious one of width w' with the origin at the 

outer or free edge, so that the plane x = v/ becomes the engine cylinder wall maintained at a 

given temperature 0O, assumed constant as to time but not uniform with relation to the coor¬ 

dinate 2. By neglecting the transverse (y direction) temperature gradient, the fundamental 

equation for the problem takes the form 

d/ d^ = 2g 
dx2 + dz2 Id ° 

(33) 

which must satisfy boundary conditions at the four edges as follows: 

when 

-« g- 
z = V = l +1 

x = 0 
dd 

dx 
= 0 

x = w' 0 = 0O=F(0) 
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where F{z) is a prescribed function, given for any particular problem. The boundary con¬ 

ditions for the two flat surfaces of the fin, which are cooled by the air stream, have been incor¬ 

porated into equation (33) in the process of deducing it from fundamental considerations. 

A convenient form of solution of equation (33) for this application is 

9 = 2A cosh ax cos /3z (34) 

where c* and /3 are connected by the relation 

*2-|82 = ! (35) 

because in the form selected for (34) the boundary conditions for x = 0 and z = 0 are automatically 

satisfied for all values of A and a, leaving these two parameters to be determined by the remain¬ 

ing two conditions. The requirement at z = V is satisfied if 

where m is any integer whatever. The solution is complete in the form 

00 / /2<Z, W27T2 

yvj 9 = 2m Am cosh I 
Td 

mirz 

t^x)cos~t (37) 

provided values of Am are determinable, so that when x = w' the function (37) identifies with 

the given F(z). This is a common Fouriers Series development and requires for Am the value 

(38) 

It is not worth while for purposes of this paper to assume any of the more probable forms for 

F{z) and complete the solution of such special cases. It happens that the general conclusion 

which is desired, namely, the difference between the approximate value of fin effectiveness which 

is given by equation (5) and the more exact value given by equation (38), is capable of being 

found in terms of a general form for F{z) unreduced to special cases. 

To compute the effectiveness of the fin, proceed according to the definition to find expressions 

for the heat actually dissipated and that which would be dissipated if each portion of the fin were 

at the temperature of its contiguous cylinder wall. The latter quantity of heat is: 

H0 = 2w'q f F(z) dz 
Jo 

(39) 

and the actual dissipation is 
pw' pi' 

H = 2q \ dx 1 6dz 
Jo Jo 

(40) 

From the ratio of these, the effectiveness/is 

p w' pi' 
| 1 9dx dz 

f n t*v 
w' 1 F{z) dz 

Jo 

(41) 

When the value of 9 defined by equation (37) is substituted in (41), it contains the expression 

rmrz 

AT dz 
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which, is zero except for the value 771 = 0, and, accordingly, the working expression for equation 

(41) is much simplified. The zero term of a cosine Fourier expansion is half the formula for the 

general term; that is to say, equation (38) reduces to 

(42) 

The substitution in equation (42) of the expanded form of A0 reduces the result to the form 

which expression is identical with the value given by equation (5), derived on the hypothesis 

that the fin base did not vary in temperature along its length. In other words, the nature of the 

variation of temperature along the base of the fin, including a uniform distribution as a special 

case, is immaterial, in so far as the function to express fin effectiveness is concerned. 

(3) WEDGE-SHAPED FINS. 

The complete solution for a wedge-shaped fin involves rather complicated mathematics, the 

terms involved being Bessel functions with imaginary arguments. The practical form of appli¬ 

cation of the solution, expressed in manageable form for numerical work, is to plot a curve or 

series of curves giving the correction to be applied to a simple expression for the effectiveness of 

the nearest equivalent parallel-sided fin. A digest of the mathematical treatment follows. 

Heat 
source 

Let the fin be wedge-shaped, as shown in Figure 7, with straight sides, the thickness tapering 

from a value t2 at the fin base to a value tx at the fin tip. The fin width may be considered ex¬ 

tended in amount tJ2 to account for the heat dissipation actually occurring from the surface 

at the end (£x) and the fictitious end is then treated as if blanketed completely. The origin of 

coordinates is most conveniently located at the fictitious end and the problem is thus stated in 

terms of surface dissipation along the two sloping surfaces of Figure 7, a blanket at x = 0; namely, 

d6/dx = 0 in that plane and 6 = 90 at x = w + tJ2. The fin is to be considered so long (direction 

perpendicular to plane of the paper) that the end dissipation is immaterial. 
For derivation of the fundamental equation, consider the heat flow per unit time in a 

section dx at the point x, the corresponding fin thickness (t) being defined in terms of the angular 

parameter a shown in Figure 7. 

t — -)- 2 tan a. 

c— = 2 tan a. 
ox 

(44) 
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The heat flow, per unit time per unit length of fin, at the plane x is 

dO 
kt 

dx 

(where k is thermal conductivity of the fin, 6 the temperature at point x and x and t as defined 

in fig. 7) so that the difference between the heat flow into an elementary slice at plane x and 

out at plane x + dx is 
d 
dx 

(id |) dx, namely, U g dx + lc jg 

By means of equation (44) this expression becomes 

d20 dO 
let ^2dx + 2 tan a ■ k ^dx (45) 

In the equilibrium condition, this quantity of heat equals the heat dissipated by the two 

elements of fin surface, namely, 

2qe dx 
cos a 

(g = heat dissipation per unit area per unit time per unit temperature difference, fin surface to 

surrounding air; 0 = temperature of fin at point x, as above, the scale of temperature used being 

such as to have zero for the temperature of the air) 

k 
\ d20 o7 , dO 2qO 

tan a) ^+2k tan«^ — (46) 

This equation is not one for which a solution may be recognized readily, the term causing 

trouble being the x in the coefficient of the second derivative. By a change of independent 

variable, involving considerable algebra, the equation reappears in a well-known form, similar 

to Fourier’s equation, Bessel’s equation of zero order. The clue to the necessary change of 

variable is furnished by examining equation (46) in the standard form with unity for the initial 

coefficient, 
d20 , 2 tan a dO 2q0 
dx2 + q (1 — tan a) + 2x tan a dx k cos a [q (1 — tan a) + 2x tan a] 

(47) 

dO 
and trying substitutions that will simplify the coefficient of • (It may be noted at this point 

that since in equation (46) 0 has been expressed as a function of only one variable, x, it is un¬ 

necessary to distinguish further between partial and total derivatives.) The change of variable 

is defined by 
q (1 — tan a)' 

2 tan a 
where 

— 4b2 jjc■ ’] (48) 

r4— 
k sm a 

and the equation resulting from the transformation of (47) is 

1 dO 

dix2 n did 
-0 = 0 (49) 

which would be Fourier’s equation were the terms all positive. Upon substituting (in) for n, 

the equation goes into this form, whence the solution of (49), as given, is 

0 = AJo (in)+BK0 (in) (50) 

where A and B are arbitrary constants and JQ and K0 are Bessel’s functions of the two kinds, 

order zero. Before discussing briefly any properties of such functions relevant to this applica¬ 

tion, it is well to examine the more finished form taken by the equation when A and B are 

determined to satisfy the terminal conditions mentioned above, 

dO 
-r = 0 when x = 0 and 0 = 0o when x = w' (51) 
dx 



HEAT CONDUCTION IN THE EINS OF AIR-COOLED ENGINES. 695 

These do not correspond to simple algebraic expressions when expressed in the variable n. 

d9 ii dO 
d/j.— 252 dx 

so that for all finite values of n the derivative dO/d/i vanishes whenever dOjdx vanishes, whence 

dO , /^(l —tana) 
aTO^n*1-^-2^ 2ttoa 

6 = So when iji = ii, = 2b-Jv)' + —if ~tan — 
V 2 tan a 

In order to apply these conditions to the determination of A and B in equation (50), it is 

necessary to make use of the properties of Bessel functions which have been discovered by 

mathematicians working in the field. Even a brief review of such properties is far beyond the 
scope of this paper.7 

The Bessel function of the second kind, designated above as the K function, is, for a com¬ 

plex variable, generally replaced by a slightly different form of function than that for which 

the symbol K is common in mathematical literature. The common use of K makes it the 
function related to J, so that 

K°{x) log x J0 (x)+22 (2.4)2(1 + 2)+(2-4-6)2(1 + 2 + 3)_ ' ' ’ 

Accordingly, with an imaginary argument (ix), a complex relation would result, 

K0 (ix) = log i J0 (ix) -flog x JQ (ix) + ^)~ * ‘ * 

and it is convenient to take the term in log i over on the left-hand side of the above equation 

and define a new function which it will be noted is a real function in x. It is beyond the scope 

of this paper to consider in any detail the properties of such functions and the reasons for select¬ 

ing particular forms as the elements in which to express solutions. Unfortunately, there is 

considerable difficulty in comprehending the literature on the subject because great confusion 

occurs in the notation employed by different writers. The original extensive treatment of 

complex Bessel functions is due to Hankel8 and the symbol H is common for such functions 

but with exasperating lack of unanimity in regard to the exact definitions of such functions, 

which in the hands of various writers differ by several additive constants or constant multi¬ 

pliers. For the purposes of this paper, the H function employed will be that tabulated by 

Jahnke and Emde,9 defined by the following series: 

iH0 (ix) = - J0 (ix) log —f 
7T ( yx + (1+0(2UP + (1+S + §) 

ar 

(2 • 4 - 6)2 
where log - = 0.11593 

which it will be noted is a real function of x, since J0 (ix) is always real. 

Rewriting equation (50) in terms of this particular form for a second solution, 

from which 

8 = AJ0(in) -f BiH0(in) 

I* - -AiJfiri+BBfip.) 

(53) 

7 Among standard texts on Bessel functions may be cited: N. Nielsen, Handbuch der Theorie der Cylinderfunktionen-Teubner, 1904; Gray 
and Matthews, Treatise on Bessel Functions, MacMillan, 1895; W. E. Byerly, Fourier’s Series and Spherical Harmonics, Chap. VII, Ginn, 1902; 
Jahnke and Emde, Funktiontafeln, Section XIII, Teubner, 1902. 

8 Hankel, Mathematische Annalen 1, p. 483, 1869; 8, p. 453, 1875. 
9 Jahnke and Emde, Funktionentafeln, p. 134 of 1909 edition. 
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by virtue of the properties of Bessel functions that d J0 (x)/dx= -Jx (x) or d E0 (x)jdx = -H1 (x). 
In order that equations (52) may be satisfied, 

B 
iAJx(in)) 

Sx (in)) 

and A must fulfill the condition d = d0 when >u = /z2. 

Ex {inj) Jo(in) - Jx{inx)E0(in) 

0 Ex (inJJ,o (in2) — Ji (in) E0 (iu2) 

(54) 

(55) 

For the particular purpose of this section, it is not necessary to tabulate numerical values 

of equation (55) and map the tempefature distribution in the fin. The object sought here is 

an expression for fin effectiveness, defined as in the preceding sections. The heat which would 

be dissipated by the fin shown in Figure 7 to air at temperature zero if the fin surface were all 

at temperature 0O would be (per unit length of fin per unit time) 

cos a 

while that actually dissipated is 

22J dr 
d- 

o cos a 

from which it follows that fin effectiveness / is 

r_ 1 

J~w'J o Vo 
dx (56) 

From equation (48) 

M 7 
dX = dll 

2b2 

l p2 e 
J 25vJtt0o 

fxd/JL (57) 

There are two ways of integrating (57j, which are in principal identical, and of course 

lead to the same result. One is to substitute for 9/d0 the value given by equation (55) and 

integrate the resulting expression by using as a reduction formula 

^ [xJ1(x)] = xJ0(x), and likewise for H, 

and the other results from noting the identity 

From equation (49) 

d( 

dnV d/x)~ 

d2d de 
M dn2 + dn 

whence 

d2d dd 
^~^dn2 + dn 

j»ed»=jd („ ^)= 
dd 

dd 
Also, from (52), ^ vanishes for n = nv whence 

■J 1 /= 
_ d0~1  in2 J\ (ini) Ex (in?) Ji (in2) ■E1 (ini) 

l_2b2w'd0 ^ dnl 2m Ex(ini)J0(in2)i-J^in^dn) (58) 

In computing numerical values with equation (58), the values of m and n2 may be obtained 

from equations (52) in terms of w', tv and a, the geometrical constants of the fin. Where the 
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fin extends to a sharp-edge intersection of its two sloping surfaces, ^ = 0 and therefore ^ = 0 

and iJ2 = 2b Jv? - 2-y]qw'lie sin a. The function H1 is infinite for zero value of the argument, 

whence for ^ = 0 it is necessary to consider (58) in the form given below to avoid an inde¬ 

terminate oo/ oo. 

■f — ^2 
^ 2 b2w' 

iJ,{0) 
P'2 ^ 1(^2) 

2b2w' J0(in2) (59) 

This special case, a fin extending to a sharp edge, could, of course, be solved very much 

more simply than by making it a special case of the more general problem. Recurring to 

equations (49) and (50), if the condition of solution to be met is dd/dn = 0 when n = 0, familiarity 

with Bessel functions shows at once that an abbreviated form of equation (50), namely 

0 = AJo(in) 

will meet the condition stated and at the same time have one arbitrary constant left so that the 

boundary condition at x = w may be fulfilled. This method of procedure confirms very easily 
the result reached in equation (59). 

For the interpretation of equation (59), substitute for n2 its value 2b-y/v/, bearing in mind 

that for all engine cylinder fins the taper is so small that sin a=o:=tan a. within the accuracy 

which is required by engineering practice. The value of a is then approximately ^ tjw, and 

if we denote by tm the mean thickness of the fin which tapers uniformly from t2 at one edge 
to zero at the other, then a = tm/w. (In this case, w' and w are identical.) The reduced expres¬ 

sion for equation (59) is 

f- 
-1 

J°(i2wyl£) 
(60) 

and expresses the effectiveness of a wedge-shaped fin in terms of its physical and geometrical 

characteristics. 

Following the general plan of this paper, the next step is to ascertain the difference between 

/, computed by the exact formula (60) and a value/' which would result from employing the 

very simple expression (5); in other words, assuming that a wedge-shaped fin of moderate 

taper functions nearly enough like a parallel-sided one to permit of using the formula developed 

for parallel sides and then making a correction for the error introduced by this procedure. 

r, tanhaw/ , l2q 
f =-7— wherea=^/y7 (5) 
J aw V kt 

Rewriting/in terms of a, 

r_ ~ 72 iJ1 (iaw^2) (61) 

* aw J0 (iaw-y/2) 

in which it is seen that/is an explicit function of the product aw just as is/', so that the two 

functions may be compared at any desired point. The difference is about 6 per cent for aw = 1; 

about 16 per cent for a,w = 2; and 25 per cent for aw = 3. The fin dimensions commonly em¬ 

ployed are such that aw probably never exceeds 2 and is pretty generally less than 1. A com¬ 

parison of the two functions is plotted as Figure 8. 

It is reasonable to suppose that in all cases a trapezoid section fin would differ less in be¬ 

havior from that of the corresponding rectangular section fin than would a triangular section fin 

of equivalent mean thickness and width, so that in using the simple expression /' for computing 

effectiveness of wedge-shaped fins, the maximum error occurring would be that corresponding 
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to the difference between the two curves of Figure 8. It is therefore possible to use the simple 

formula and apply a correction with a fairly accurate degree of approximation, estimating the 

correction from the relative approach to a rectangle or a triangle of the fin section under con¬ 

sideration. A more exact but less convenient procedure is to compile a table or set of curves 

o-ivino- the exact correction under various circumstances. Such a set of curves forms Figure 9. 

The derivation is as follows: # 
The taper of a fin may be expressed in terms of the fin width and the ratio of its thickness 

at the tip (tv fig. 7) to its mean thickness tm. 

Lot . 
X-F (62) 

bn 

Fig. 8. Comparison of the two functions which express effective¬ 
ness of a triangular section and of a rectangular section fin. J is 
the functional symbol for Bessel’s function of the primary type, 

i is the complex symbol -J—l. Jo with an imaginary argument 
is a real function, and Ji is a pure imaginary, so that iJi is 

a real function. 

Then a of Figure 7 may be expressed in terms of w, and X and with no approximation 

other than sin a = tan a, substitution in the expressions (52) which define Mi and M2 lea(^ 1° 

-“AW2"* 
where a has the value used in all the previous developments, namely, -\/2qildm. 

always small with respect to unity, 

(63) 

Since tm/w is 

^sVx[x-^(i-x)] (64) 
and the term in brackets can usually be omitted. There is a 1 to 1 correspondence between 

values of aw and approximate values of fin effectiveness, so that for any desired fin effectiveness 

a suitable value of aw may be read from the curve of Figure 3, and by means of the relations 

(63), (64), and ix2 may be tabulated as functions of X for any effectiveness. Values of Mi and 

so obtained are then substituted in equation (58) and a comparison between the resulting/ 

and the approximate effectiveness/' will give the corrections, as a function of the taper ratio X, 

which must be applied to the approximate function/'. Such curves are plotted10 in Figure 9. 

'0 The complementary procedure is to take stated values of X and for a series of such values determine the correction as a function of approximate 
effectiveness. This procedure has been adopted for Figure 10, where it is only necessary to show the curves X-0, X-0.5 and X=0.75 to permit of 
sufficiently accurate interpolation, by inspection, of any other curve of the family for the purpose of obtaining the correction to {' for any taj er at 

any effectiveness. 
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4. CIRCUMFERENTIAL FINS. 
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For a circumferential fin of considerable width on the average size engine cylinder, it is not 
to be expected that relations developed for a long, rectangular fin will hold without appreciable 

correction. It will be shown here that the magnitude of the correction is well within the limits 

which justify the procedure of employing the approximate formula, corrected when necessary, 

in preference to using an exact solution of this problem with its attendant complications. The 

difference in the physical behavior of a given area of circumferential fin and of rectangular 

plate is perhaps most easily pictured by focusing attention on the mean circumference. When 

the fin width is not small with respect to the radius of curvature of this mean, there is going to 

be a considerable difference between the fin area, for a given length of this median, which is 

within the mean circumference from that area outside it, whereas in a rectangular plate, the 

median bisects the area. With such a difference in area distribution, it is clear that the tem¬ 

perature of the median is not going to be by any means equal to that which is found at the 

median of the rectangular plate. The use of the rectangular plate formulas is therefore more 

in the nature of analogy than of approximation, but it is nevertheless convenient. 
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{' = aw' 

A further picture which may assist in visualizing the physical processes involved comes from 

comparing the way in which a circumferential fin differs from a corresponding straight one to 

the way in which a tapering fin differs from its analogue of uniform thickness. In the latter 

case, we have practically identical surfaces with differences in the metallic conducting area 

from root to tip of fin. Since the metal near the tip is less useful, removing a certain fraction 

there and adding it correspondingly at the root where it is most needed results in a fin somewhat 

more effective than the same average thickness fin with no taper. If, now, we take a straight 

fin of uniform thickness and bend it around an arc, we do nothing to alter the metallic conduc¬ 

tion process, but do change the disposition of surface. WTe get a less proportion of the surface 

in near the engine cylinder, where the temperature head is greater, and a correspondingly 

greater fraction out at the rim, where it is less useful. Accordingly, the curved fin is slightly 

less effective than its straight analogue. The possibility of certain similarities in the mathe¬ 

matical treatment of the two corrections, taper and curvature, thus presents itself. As a matter 

of fact, it turns out that the mathematical functions involved are practically identical, although 

leading to corrections in opposite directions, as the above picture indicates. The taper cor¬ 

rection which has just been developed in detail and found to be always a positive correction to 

f is paralleled by one for curvature, always negative. 
The notation for the circumferential fins is as follows: 

Rc = inner radius (namely, the outer radius of the engine cylinder). 

Af = outer radius (extreme fin radius). 

f = fin thickness, assumed uniform. 

w = R( — Rc (fin width). 
r, 9, coordinates (polar) of any element of the fin. 



700 REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS. 

The other symbols employed retain the same significance as in previous sections. The 
heat dissipated from the edge of the fin is to be taken into account by the method developed in 
section (2) of this paper, adding tj2 to the fin width. The exact correction, to give a surface iden¬ 
tically half that of the edge, would be 

(1_sk+ ' ’ ') 
but the sum of the terms following 1 is usually less than 1 per cent, and tj2 is in itself only a 
small correction term, so that the omission of these terms causes no appreciable error. 

The fundamental equation of heat transfer in a metal, expressed in plane polar coordinates, 
combined with the condition for surface dissipation from both sides of each element of fin 

surface, is ^ 
’ -22 (65) ov , i de_ 

“n—o 4—- R 9 or2 r dr 
a; 2_ 

kt 

($ temperature at any point; q, coefficient surface heat dissipation; Tc, thermal conductivity; 
t, thickness, assumed uniform). The boundary conditions are 

^ when r = RJ = Rt + ^ 

0 = d0 when r^=Rc 

(66) 

Equation (65) is similar to (49), in fact identical with it if ,u/r be substituted for r, whence 
the form of solution is given by equation (50) or equation (53), and since the boundary condi¬ 
tions (66) are identically those of equations (52) with appropriate values of ar instead of nx 
and it is unnecessary to discuss any details of solution of equation (65). The result may 
be taken by inspection from equation (55), 

Hl (iaR'f) Jo (iar)—Jl \iaRJ) H0 (iar) 
0iaR'f) J0 (iaR0)-J1 iiaRJ) Hc (iaRj 

(67) 

Following the usual procedure for expressing the effectiveness of the fin surface, divide 
the heat dissipated by the fin, namely, JR s' 

• 2tt r-dr 

by that which would be dissipated by an equal area of cylinder wall at temperature 0O, namely, 

2q-ir (RJ 2-R02) eo (68) 

C1 
2 J i 

rd dr 
f- 0o (R/2 — Re2) 

and upon reducing this expression to an integrated form, employing a process identical with 
that used for reducing equation (57), there results as the expression for effectivemess of a cir¬ 
cumferential fin, 

/= 
2 Rn _ i Ji (iaR0) H1 (iaR'f) —i J\ (iaR'f) IIx (iaRc) 

a (JR'J — RJ) Jo (icbRJ) H1 (-iaR/)—J1 (iaRJ) H0 (iaR0) 
(69) 

It is convenient to have the result stated in terms of the fin width and ratio of the inner 
and outer fin radii. 

Let 
Rc 

p RJ 

w' = RJ — Rc 

(70) 
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From these definitions, it follows that 

R'= w R 
Kt 1-p c 1-p 

/- 

j-h (iaW g, (p/) fli («»«>' pg 
2p 

(71) 

Equation (71) may be used to give/as a function of aw' for any specified value of p, or to 

give/as a function of p for a specified value of aw', as may be desired. Thus, two processes are 

open to choice for the tabulations or charts to give the corrections to apply to the approximate 

value of fin effectiveness, defined, as previously, to be the function/' = tanh aw'law' to take 

account of the circumferential-shaped fin. In Figures 11 and 12 will be found sets of curves 
plotted by both processes. 
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IV. RECAPITULATION OF MATHEMATICAL DERIVATIONS—CONCLUSIONS. 

Making four general assumptions of physical nature which are stated and fully discussed 

in the early paragraphs of Section II of this paper, it is found that the fundamental mathematics 
of heat conduction lead to the expression 

/' = 
tanh aw , . , t , 2q 

—— where w = w+~ and a = -\ /:■ 
2 V fct aw 

w = width of fin. 

t = thickness of fin. 

q= coefficient of surface heat dissipation, units of heat per unit time per unit surface per 

unit difference in temperature between the fin surface and the air stream into which the heat 
is dissipated. 

Tc = thermal conductivity of the fin material, units of heat per unit time per unit cross- 

sectional area per unit temperature gradient. 

= effectiveness; the ratio of the heat dissipated by the fin to that which would be 

dissipated in the same time by an equal surface all at a temperature identical with that of the 

base of the fin; i. e., the temperature of the engine cylinder wall along the line of attachment of 
the fin. 

The above expression for fin effectiveness would be rigorously exact under the following 
assumptions: 

(1) The temperature across the fin thickness is constant; i. e., flow of heat is linear from 

base toward tip, with inappreciable “cross flow” in the direction of smallest dimension of the fin. 

(2) The fin is so long with respect to other twTo dimensions that the heat dissipation from 
the exposed ends is an inappreciable fraction of the total. 
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(3) Conditions at the exposed edge are such that the heat loss therefrom can be accounted 

for by adding to the real fin width one-half of the fin thickness to get a fictitious width for use 

in the equations and treating the exposed edge as though perfectly blanketed. 
(4) The temperature distribution prevailing at the base of the fin is that of uniform, con¬ 

stant temperature. 
(5) The fin thickness is uniform. 

(6) The fin is of rectangular contour. 
By removing restrictions expressed in assumptions (1) and (3) and setting up the equations 

to express exactly the thermal behavior of a fin which obeys the remaining four conditions, a 

solution may be obtained which indicates the correction necessary to apply to the function j' 

quoted above to take account of the error introduced by making assumptions (1) and (3). 

Were this exact solution somewhat more manageable, it is obvious that proper procedure 

would be to employ it directly in computations rather than as a tool to construct corrections to 

an inexact formula. However, it is found to be extremely complicated and unsuited to repeated 

use. Fortunately, it proves that for any combination of geometrical and physical properties 

likely to characterize an engine cylinder fin, the correction will be within 1 per cent, and for the 

usual present-day designs it is only 0.1 or 0.2 per cent. It is therefore entirely negligible m 

comparison with other errors inherent in applying the mathematics to practical problems. 

In view of the foregoing, it is quite justifiable for all practical applications of these mathe¬ 

matical developments to neglect entirely the slight discrepancy between the hypothetical con¬ 

ditions outlined in assumptions (1) and (3) and the real conditions which do occur. It is 

entirely satisfactory to employ the formula based on the assumption as a formula representing 

very exactly the actual fin performance. Assumption (2) is also obviously valid within satis¬ 

factory limits for any numerical work with radial fins (always long). For circumfeiential fins 

any error due to the assumption merges into that discussed in connection with assumption (6). 

The limitation expressed by assumption (4) also vanishes without requiring any modifica¬ 

tion of the function f'. Provided that we can predicate the conditions outlined in the first 

three assumptions and assume the rectangular contour imposed by (5) and (6), it is a compara¬ 

tively simple mathematical problem to derive the expression for fin effectiveness when the 

temperature distribution along the fin base is described by any arbitrary function of the coor¬ 

dinate parallel to the fin length. The result is tanh aw'/aw', or, in other words, the function 

already quoted is equally applicable for uniform and nonuniform base temperatures. 

The assumptions numbered (5) and (6) are fulfilled by few, if any, of the fins occurring in 

practice, and it is therefore of prime importance to ascertain how large a deviation from the 

conditions described in these assumptions may occur before the use of a formula based upon 

them becomes absurd. The exact solution for a tapered fin which is straight in its length 

coordinate (i. e., a trapezoid section right prism) or for a uniformly thick circumferential fin is 

not a problem offering serious mathematical difficulties, nor is the result of either solution a 

prohibitively complicated expression for use in direct numerical application. But the functions 

occurring (Bessel functions of both kinds with imaginary arguments) are distinctly unfamiliar 

to others than specialists in mathematics, and tables of their values for numerical work are not 

always conveniently accessible. It has seemed very desirable, therefore, to give in this papei 

values of the differences between the exact solutions for these cases and the function 

tanh aw'/aw', so that the latter expression might always be used as the basis of a computa¬ 

tion and corrections applied for its error. 
For the trapezoid section prism fin the results are expressed in terms of the fin width {w) 

and a taper ratio defined as the ratio of the thickness at the tip (t/) to that at center {tm), a 

uniform taper being assumed. Designating this ratio by X, it is = For a sharp-edge 

fin X=0, while the parallel surface fin has X= 1. The fin width w is corrected to w by adding 

tJ2, as in the cases discussed previously. The process of computing fin effecth eness is the 

following: Compute the function tanh aw'/aw', using (in “a”) for the value of t, the mean fin 

thickness tm. Then, from this approximate value of effectiveness and the value of X, interpolate 
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on the family of curves forming Figure 9 or those forming Figure 10 and read off a quantity to 

be added to the approximate effectiveness. This will give the fin effectiveness as if computed 

from the exact Bessel function formula. The limitations to accuracy of the method are those 

imposed by the curves of Figures 9 and 10, which have been computed to the highest accuracy 

convenient- for the tables of Bessel functions, etc., usually at hand. Generally speaking, this 

was within 1 part in 1,000 for each individual interpolation made, and for the result when all 

factors and terms are brought together it is quite certain that the corrected f is reliable within 
1 per cent, probably within a few tenths of 1 per cent. 

For a circumferential fin, the process suggested is very similar to that just outlined for the 

correction on account of taper. Results are expressed in terms of fin width w, which is the dif¬ 

ference between the outer and inner fm radii and a ratio p of the inner radius of curvature to the 

outer. It is obvious that for very small values of p, namely, the configuration approaching a 

circular plate with no hole (p = 0), it would be absurd to use a formula based upon a long, rec¬ 

tangular fin and the “ corrections ” to such formula which have any real validity as corrections 

are limited to the larger values of p. Between the values p = 1 and p = 0.5 the method is appli¬ 

cable, but toward the lower value of p the corrections become large and likewise less certain. 

After increasing w by half the fin thickness to w', compute tanh aw'/aw' and then in terms of 

this value of approximate effectiveness and p, the curvature ratio, make use of Figure 11 or 12 

to ascertain the correction to be added to the approximate value to obtain the true value of fin 

effectiveness. It may be noted that this correction is always negative; i. e., a circumferential 

fin is less effective than the value computed from tanh aw'law'. 

Summing up the foregoing paragraphs with respect to the difference between conditions 

which would meet assumptions (1) to (6) and the conditions which actually prevail, it is to be 

noted that only the differences concerned in (5) and in (6) have appreciable effect upon com¬ 

putations for the fins of internal-combustion engines. In case both assumptions are violated 

at once, namely, a tapering fin of circumferential type, two corrections may be applied to the 

approximate function, with a somewhat less degree of accuracy than pertains to either correc¬ 

tion alone. The correction for taper was determined on the hypothesis of no circumferential 

curvature and the correction for curvature on the hypothesis of uniform thickness, whence it is 

clear that if both factors are concerned the corrections applied by this method are not exact. 

The deviation is a second-order error and is usually too small to be significant in industrial 

applications of such a computation. 

V. EXAMPLES OF COMPUTATIONS. 

For the purpose of illustrating the ease of using the formulas whose derivation has been 

discussed above, a few examples are appended. These are selected from two well-known 

aviation engines—-the Gnome, which has steel fins, and the Lawrance, with aluminum fins. 

A long, straight fin of the same width and equivalent uniform thickness is used for an initial 

example, followed by approximating to (a) the taper, (6) the annular shape, of the real engine 

fin. For physical interpretation of the results of the computations, the definition of effective¬ 

ness must be borne in mind. An effectiveness of 85 per cent means that each small area of fin, 

say, 1 cm.2 or 1 sq. in., is equivalent in heat dissipating power to 0.85 as much area all at a 

temperature identical with that of the engine cylinder wall in that vicinity. 

The computations illustrate in a convincing manner the relative unimportance of high 

thermal conductivity for fin metal. While the difference in effectiveness of the steel and alumi¬ 

num fins is quite appreciable, nevertheless it may be noted that the effectiveness of steel fins, 

very thin and yet reasonably wide, is high enough that for the conditions assumed in these 

examples it is comparable to that of aluminum fins having five times the thermal conductivity 

of the steel ones. Thus, no great incentive exists, on this score at least, to employ metals of 

very high thermal conductivity. 
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Example 1.—Steel jin, long, rectangular, uniform thickness. 

Width, 1.60 cm. 
Thickness, 0.08 cm. 

Thermal conductivity of steel, assume 0.10 cgs. units. 

Surface dissipation coefficient—assume <2 = 0.003 cgs. units, corresponding probably to a 
free-air speed in the vicinity of the engine of 40 to 50 meters per second, 90 to 110 miles per 

hour. 

w' = w + ^ = 1. 60 + 0. 04= 1. 64 

j2g r 2X0.003 
V kt \ 0.TO X 0.08 

aw'=l. 420 

tanh aw' = 0. 8896 

tanh aw' 

aw 
= 0. 626 

A/0. 75 = 0. 866 

The effectiveness of such a steel fin is thus about 63 per cent. 

Example 2.—Steel jin, long, rectangular, tapering. 
Width 1.60 cm. 
Thickness, 0.05 cm at tip and 0.11 cm at root. 
Thermal conductivity of steel, assume 0.10 cgs units. 

g, assume 0.003, as in Example 1. 

w'=w + |=l.600 + 0.025 = 1.625 cm. 

12g __ I 2X0.003 
\ktm V 0.10X0.08 

aw' = 1.408 

tanh aw' = 0.8870 

tanh aw' 

J aw' 
0.630 

0.868 

The taper factor X = tjtm is 0.05/0.08 = 0.625 and from Figure 10 the correction for a taper 

factor 0.63 and approximate effectiveness 0.63 is 0.034. This correction added to 0.630 gives 
0.664. 

The effectiveness of such a steel fin is therefore 66 per cent. 

It is perhaps worth while to illustrate the computation of effectiveness of a tapering fin 

directly from the exact equation (58) which has furnished the basis of the corrections plotted 
as Figure 10. 

-f iJi C+o) 7?i (ipj iJi (ip2) O+2) 
J 2gw’ ^ H, ft,,) Jo (W +*A &0 iH„ (V.) 

The half angle a ( = tan a) of the wedge is 0.0187. 
From this, by equations (52) 

ju4 = 2.90 
^2 = 4.34 

J0 (f^) = 15.17 

niJ\ (inj = 

iJ4 (ip-2) = 
iH0 (jpj = 

11 Ht, (ipj = 

Hi (ip2) = 

kap 2 

-3.613 

-13.30 

0.00487 

-0.0288 

-0.00540 

2 gw 
7 = 0.831 

/= 0.831 

/= 0.665 

(-3.613) (-0.00540)-(-13.30) (-0.0288) 
(-0.0288) (15.17)+ (-3.613) (0.00487) 

11 Jahnke and Emde, Funktionentafeln, pp. 130-135, 1909 edition. 
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Example 3.—Steel jin, circumferential, thickness uniform. 

Width, 1.60 cm. 

Thickness, 0.08 cm. 
Inner radius, 5.65 cm. 

Thermal conductivity of steel, 0.10 cgs. units. 
q = 0.003 cgs. units. 

From Example 1 the first approximation to effectiveness is 0.626. The outer fin radius, 

7.25 cm. plus half the thickness, is 7.29, whence the circumferential curvature factor p = R0/R'{ is 
5.65/7.29, or 0.775. 

From Figure 12 the correction for a circumference factor of 0.78 and approximate effective¬ 
ness 0.63 is —0.032. Adding this to 0.626 gives 0.594. 

The effectiveness of this fin is therefore approximately 59 per cent. 

To illustrate the computation of the above example directly from the exact solution for an 

annular fin, equation (71), instead of through the medium of a correction curve based on this 

equation, the following figures are summarized: 

f- 
2 p 

aw' (1 + p) 

a, (^)-v, (jgp) a, (WAp) 

J0 (iaw’ n + iff) in (w'j-~) 

From example 1, aw'= 1.420 

p = 0.775 

1 — p = 0.225 

aw' (1+p) 

4.89 

6.32 

24.69 

-22.00 

— 84 (estimated 

0.00265 

-0.000605 

-0.00291 

0.615 

, _ A —22.00) (-0.000605)-(-84) (-0.00291) 
j — 0.bl5 (24.69) (-0.000605)+ (-84) (0.00265) 

0.597 

Note.—The value 84 for iJx (i 6.32) can not be ascertained with any precision, but by using 

an identical value in both numerator and denominator, the accuracy of computation is not 

vitiated more than 1 or 2 parts in 500 by the probable error. The agreement of 0.594 v ith 0.597 

is well within the limit to be expected in the use of Figure 12. , 
With a steel fin having the taper of Example 2 and the curvkture of Example 3, with the 

remaining characteristics the same as those taken for all three examples, the effectiveness would 

be approximately 0.594 (Example 3) plus 0.034 for taper, or 0.63. 

53006—23-46 •< 
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Example 4.—Aluminum jin, long rectangular, uniform thickness. 

Width, 2.5 cm. 

Thickness, 0.23 cm. 
Thermal conductivity of aluminum, 0.50 cgs units. 

2 = 0.0030 cgs units (probably corresponding to free air speed in vicinity of engine cylinder 

of 40 to 50 meters per second—90 to 110 miles per hour). 

w' = w + | = 2.500 + 0.115 = 2.615 

l2q I 2X0.003 

V kt "V 0.50X0.23 
0.0521=0.228 

aw' = 0.597 

tanh aw' = 0.535 

f = 0.896 

The effectiveness of such a fin is 90 per cent. 

Example 5.—Aluminum jin, long, rectangular, wedge-shaped. 

Width, 2.5 cm. 
Thickness, 0.36 cm at base and 0.10 at tip, with uniform taper. 

Thermal conductivity of aluminum 0.50 cgs units. 

2 = 0.0030, as in Example 4. 
Average thickness is 0.23 cm, whence, by Example 4, the value of a is 0.228. 

w'=w + | = 2.500 + 0.050 = 2.55 

aw' = 0.582 

tanh aw' = 0.523 

/' = 0.900 

This is the first approximation to the value of effectiveness. The taper ratio X is tjtm, 

namely, 0.10/0.23, or 0.435. From Figure 10 the taper correction for X = 0.43 and/' = 0.90 is 

+ 0.017, which, added to 0.900, is 0.917. The effectiveness of this fin is therefore 92 per cent. 

As a check, it is not very tedious to compute the effectiveness directly from the exact equa¬ 

tion (58), the one used in this paper, to determine the corrections plotted in Figure 10. 

r  i*Ji (if*i) (7/+) -Ji (fy+) 77[ (7/g) 
J~2gw' M2 H1 (iMl) J0 (iji^+iJi 0+q) iH0 du2) 

The half angle a ( = tan a) of the wedge is (0.180 — 0.050/2.50 =*0.052. 

H1 = 0.648 

H2= 1.264 

J0 (7/+) = 1-439 
7«71(7/i1) = —0.3414 

iJ1(ifj,2) = —0.7669 

iH0(i/i2) =0.185 

Hjiuj = —0.745 
(7/f) = -0.250 

kaiJ.2 

2 gw 
\ =2.150 

, 0 1(._(-0.3414) (-0.250)-(-0.767) (-0.745) _ 
/ = 2.150 _ (0.745) (1.439) + (-0.3414) (0.185) 

0 920 
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Example 6.—Aluminum Jin, circumferential. 

Width, 2.5 cm. 

Thickness, 0.23 cm uniform. 
Inner fin radius, 6.5 cm. 

Thermal conductivity of aluminum 0.50 cgs units. 
<2 = 0.0030 cgs units, as in Example 4. 

From the results of Example 4, the first approximation to the effectiveness is 0.896. The 

outer fin radius is 9.0 cm and corrected for half the fin thickness becomes 9.11. The inner 

radius being 6.5, the ratio p=4RJR't = 6.50/9.11 = 0.714. From Figure 12 the correction to/' = 

0.90 for a circumference factor 0.71 is —0.017, to be added to 0.896, giving 0.879. 

The effectiveness of such a fin is therefore 88 per cent. 

Computation directly from equation (71) is as follows: 

_ 2 p 

aw' (1 + p) 
* g- (Ml ~ iJl (r=D (w w) 

* K) * <K> (S 
From Example 4 the value of aw' is 0.597. 

p = 0.714 

aw 
1 -p 

aw' 

1 — p 

= 1.490 

= 2.087 

Jo (»w'i-J 

«(S) 
iJl (Wi-P) 

iH0 (wi - P) 
*. (S) 

(“w'i-P) 
2 p 

aw' (1 -t-p) 
= 1.395 

( — 0.9718) (-0.1247) ~(-1.724) (-0.2814)^ 

J = 1.395 
(1.638) (-0.1247) ? + (-1.724) (0.2166) ~ 

0.873 

VI. APPLICATIONS OF THE EQUATIONS. 

The applications of the foregoing equations to the problems of air-cooled engine design are, 

of course, dependent upon possessing reliable data respecting the physical quantities which 

appear as’constants (mathematically speaking) in the equations. The limitations in this respect 

particularly regarding q, the coefficient of surface heat transfer, have already been discussed in 

the opening pages of the paper. Among the applications which suggest themselves are: 
(a) Prediction of the cooling power of any specified size and spacing of fins for given condi¬ 

tions of cylinder temperature, air stream, etc. 
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(6) Computation of optimum dimensions of fins 12 to meet any specified relations which are 

not mutually inconsistent. An example of this is minimum weight compatible with a given 

cooling requirement, or head resistance, or combination of the two. 

In applying the equations to compute optimum dimensions, it must be borne in mind that 

too much must not be expected in the way of results. There are always a number of conditions 

to be met which are conflicting and for which a rigid mathematical specification of all would 

render the problem unsolvable. In fin design these include maximum cooling power, minimum 

weight, minimum head resistance to the air stream, adequate strength to withstand crushing 

under rough handling, a choice of metal and geometrical form consistent with the possibility of 

manufacturing with reasonable convenience and without prohibitive cost, etc. The engineer 

has no grounds for expecting mathematics to furnish a single inviolable solution for the optimum 

dimensions of the fin that will meet best such an array of specifications, but he does have the 

right to expect mathematics to furnish him definite relations in which he can weigh the various 

factors. Then, according to his judgment of relative importance of such factors, he can select 

the design which he considers best. It is the purpose of this paper to supply definite relations 

respecting the effectiveness of cooling for fins of ordinary type. 

Bureau of Standards, 

Washington, D. C., December 1, 1921. 

12 Examples of optimum dimension calculation seem best deferred to a separate paper so as to permit of more detailed discussion than 

can be included here. 
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